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Drs. Hahn and Wusthoff have masterfully organized and edited 
this stunning monograph on neuromonitoring in neonatal and 
pediatric critical care. There is excellent coverage of general and 
practical considerations with sections devoted individually to 
neonatal, pediatric, and cardiac intensive care monitoring, and 
30+ illustrative cases that are concise, instructive, and integrated 
into the earlier chapters as exemplars. Strong coverage of quan- 
titative EEG, with side-by-side comparisons to conventional 
EEG, is especially helpful. This book is a welcome addition of 
immense value to both trainees and experienced practitioners of 

clinical neurophysiology and pediatric epilepsy. 
Phillip L. Pearl MD, Boston Children’s Hospital, Harvard 
Medical School, USA 


This is an outstanding, comprehensive, accessible, and well- 
illustrated book that will be of use to nurses and physicians at 
different levels of training and from any background, including 
neurology, critical care, and neonatology, interested in ICU 
EEG neuromonitoring and the uses and potential of quantitative 
EEG. Each chapter combines detailed and critical assessments of 
the literature with liberal use of informative figures that have 
examples of EEG and quantitative EEG patterns or effective 
summaries of treatment or diagnostic pathways. One of the 
book’s many strengths is the way the authors treat ICU EEG 
monitoring as part of a neuromonitoring program and provide a 
comprehensive overview of the many operational issues required 
to justify and create such a program. An entire chapter is devoted 
specifically to nursing, again with a comprehensive scope addres- 
sing both interpretation of EEG signals and practical applications 
of performing EEGs. Developmental issues are addressed across 
multiple chapters and special populations and pathophysiologies 
including, for example, ECMO, cardiac arrest, and infants with 
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congenital heart disease. Readers should be aware that the focus 
is almost exclusively on EEG. With that caveat, this book will 
be an essential clinical reference and teaching resource for practi- 
tioners from multiple specialties who care for neonates and 

children in intensive care units. 
Mark S. Wainwright MD PhD, Pediatric Neurocritical Care 
Program, University of Washington, Seattle, USA 


This book, edited by Cecil Hahn and Courtney Wusthoff and 
written by many experts in the field, was urgently needed. The last 
book on investigating the neonatal brain was published more than 
a decade ago and many advances have been made since. We find 
extensive information on aEEG, EEG, EEG trends, and a bit on 
NIRS and evoked potentials in the chapter on neuromonitoring 
after cardiac arrest. This book does not only address the neonatal 
brain, but also takes you to the paediatric intensive care unit and 
the cardiac intensive care unit. The final part provides more than 
30 cases, which are referred to at the beginning of each chapter 
and which I found very interesting and useful. 

Linda de Vries, University of Utrecht, Netherlands 


The chapters of this excellent textbook run the gamut of practical 
and logistical aspects of setting up monitoring, to interpreting 
results and using EEG monitoring for prediction of cardiac arrest 
and ischemia. The chapters are to the point and the writing crisp. 
Part 4 was instructive to me, and I've spent my professional life in 
the CICU. This should be required reading for ICU fellows 

(PICU, NICU, and CICU), as well as neurology residents. 
Daniel J. Licht MD, Professor of Neurology, Department of 
Pediatrics Distinguished Endowed Chair, Director of the J. and 
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General Considerations in Neuromonitoring 


Key Points 

e Seizures are common in critically ill children with acute 
encephalopathy. Most seizures have no accompanying 
clinical signs, and therefore detection requires continuous 
EEG monitoring. 

Guidelines recommend at least 24 hours of continuous EEG 


monitoring in critically ill neonates and children with clinical 
and EEG risk factors for seizures. 

Seizures have been associated with worse short- and long- 
term outcomes in neonates and children, even after adjusting 
for acute encephalopathy etiology and markers of brain 
injury severity. 

Although EEG-guided anti-seizure therapy has been shown 
to reduce seizure burden, it remains to be proven that the 
resulting reductions in seizure burden improve outcomes. 


Introduction 


Continuous EEG (cEEG) monitoring offers bedside, noninva- 
sive, diffuse, and continuous information about brain func- 
tion. These characteristics allow clinicians to assess brain 
function, evaluate for changes in brain function over time, 
and identify electrographic seizures that are often not clinically 
observable (Figure 1.1). These advantages have led to wide- 
spread and increasing use of cEEG in critically ill patients 
across the age spectrum. This chapter introduces cEEG in 
critically ill neonates and children including seizure epidemiol- 
ogy (incidence and risk factors), the relationship between elec- 
trographic seizures and outcome, available consensus 
statements and guidelines, and role of quantitative EEG. 


Electrographic Seizures in Critically Ill 
Neonates 


Incidence 


Seizures are a common manifestation of neurological injury 
and dysfunction in the neonatal period. Across childhood, the 
occurrence of seizures is highest during the neonatal period 
[1], with an estimated incidence of 1-3.5 per 1000 live births in 
term neonates, greater than 25 per 1000 live births in preterm 
neonates, and 58 per 1000 live births for very low birth weight 
neonates [1, 2]. A 1998-2002 population-based study from the 
California Office of Statewide Planning and Development 
identified the seizure incidence as 0.95 per 1000 live births in 
term neonates. Risk factors for neonatal seizures were categor- 
ized as intrinsic to the neonate, mother, and birthing process 
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[1, 3]. Intrinsic neonatal risk factors were male sex and low 
birth weight. Maternal risk factors included nulliparity, age 
greater than 40 years, race (with a decreased risk in Asian 
and Hispanic mothers compared to Caucasian mothers), and 
the presence of diabetes independent of macrosomia. The most 
significant intrapartum risk factor was maternal fever (as 
a marker for maternal infection). Additional risk factors 
included prolonged second stage of labor, fetal distress, cesar- 
ean section or surgically assisted vaginal delivery, and “cata- 
strophic" delivery involving placental abruption, uterine 
rupture, or cord prolapse. Additional risk factors have been 
less consistent and include an increased risk for African 
American mothers, young maternal age (18-24 years), pre- 
eclampsia, heavy smoking, obesity, and asthma [1]. 


Risk Factors 


There are many etiologic precipitants for neonatal seizures. 
Hypoxic-ischemic encephalopathy, stroke, intracranial hemor- 
rhage, intracranial infection, and cerebral malformations are 
reported to cause up to 8596 of neonatal seizures [4]. The 
Neonatal Seizure Registry consortium of seven tertiary care 
pediatric centers in the United States prospectively studied 
a cohort of 426 neonates with seizures who underwent cEEG. 
The most common seizure etiologies were hypoxic-ischemic 
encephalopathy in 3896, ischemic stroke in 1896, neonatal onset 
epilepsy in 1396, intracranial hemorrhage in 1196, neonatal 
genetic epilepsy syndrome in 696, congenital cerebral malfor- 
mation in 496, and benign familial neonatal epilepsy in 396 [5]. 
In term neonates, hypoxic-ischemic encephalopathy is the 
most common precipitant, accounting for about 40-5096 of 
cases [1, 2, 5]. Hypoxic-ischemic encephalopathy occurs in 
1-2.5 per 1000 live births, is a clinical syndrome characterized 
by neonatal depression with laboratory evidence of systemic 
acidosis [6], and is associated with increased rates of acute 
mortality, seizures, prolonged hospitalizations, and subse- 
quent neurodevelopmental problems, particularly in neonates 
with moderate and severe hypoxic-ischemic encephalopathy 
[7-9]. Therapeutic hypothermia is often used as 
a neuroprotective strategy [10], and it may reduce acute seizure 
exposure in neonates with moderate hypoxic-ischemic ence- 
phalopathy [11-14]. Less common etiologies include meta- 
bolic derangements, mitochondrial or metabolic disorders, 
inborn errors of metabolism, and neonatal epilepsy syn- 
dromes. Fewer studies in the preterm population indicate 
intraventricular hemorrhage is the most common seizure pre- 
cipitant [12-14]. 
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encephalopathy in 3896, ischemic stroke in 1896, neonatal onset 
epilepsy in 1396, intracranial hemorrhage in 1196, neonatal 
genetic epilepsy syndrome in 696, congenital cerebral malfor- 
mation in 496, and benign familial neonatal epilepsy in 396 [5]. 
In term neonates, hypoxic-ischemic encephalopathy is the 
most common precipitant, accounting for about 40-5096 of 
cases [1, 2, 5]. Hypoxic-ischemic encephalopathy occurs in 
1-2.5 per 1000 live births, is a clinical syndrome characterized 
by neonatal depression with laboratory evidence of systemic 
acidosis [6], and is associated with increased rates of acute 
mortality, seizures, prolonged hospitalizations, and subse- 
quent neurodevelopmental problems, particularly in neonates 
with moderate and severe hypoxic-ischemic encephalopathy 
[7-9]. Therapeutic hypothermia is often used as 
a neuroprotective strategy [10], and it may reduce acute seizure 
exposure in neonates with moderate hypoxic-ischemic ence- 
phalopathy [11-14]. Less common etiologies include meta- 
bolic derangements, mitochondrial or metabolic disorders, 
inborn errors of metabolism, and neonatal epilepsy syn- 
dromes. Fewer studies in the preterm population indicate 
intraventricular hemorrhage is the most common seizure pre- 
cipitant [12-14]. 
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Figure 1.1 Five-second conventional EEG images from critically ill children who all appeared similarly encephalopathic to clinicians. Left top shows a normal EEG 
pattern, bottom left shows attenuation, middle top shows hemispheric asymmetry, middle bottom shows periodic epileptiform discharges, and the right top and 


bottom show electrographic seizures. 


The EEG background may also help identify neonates at 
risk for electrographic seizures [15]. A cohort of 51 neonates, 
including 8 premature neonates, was monitored with cEEG, 
and the EEG background was graded in five categories: normal, 
immature for gestational age, mild abnormalities, moderate 
abnormalities, and severe abnormalities. Seizures occurred in 
4596 of the cohort, and 9696 of the neonates with seizures had 
an abnormal EEG background. A severely abnormal EEG 
background predicted the highest risk for seizures while neo- 
nates with normal or immature backgrounds had a low risk for 
seizures. All premature neonates with seizures had mild to 
severely abnormal background while premature neonates 
without seizures all had normal or immature EEG back- 
grounds. The EEG backgrounds remained relatively consistent 
over the course of the recording (ranging 16-119 hours), with 
nearly 7096 maintaining identical grading from onset to the 
end of the recording [16]. 


Diagnosis 

There are three broad neonatal seizures types: (1) “clinical- 
only,” which is a sudden paroxysm of abnormal clinical change 
that does not correlate with a simultaneous EEG seizure; (2) 
“electroclinical,” which is a clinical seizure coupled with an 
EEG seizure; and (3) “EEG-only,” which is an EEG seizure that 
is not associated with any outwardly visible clinical signs [17]. 
EEG-only seizures are also called subclinical or nonconvulsive 
seizures. An electrographic neonatal seizure is defined as 
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a sudden, abnormal EEG event defined by a repetitive and 
evolving pattern with a minimum 2 microvolt voltage and 
duration of at least 10 seconds (Figure 1.2) [17]. 

Neonatal seizure diagnosis has evolved from a clinical diag- 
nosis to a frequently EEG-based diagnosis for two main rea- 
sons. First, paroxysmal abnormal movements or events are 
common, and it can be very difficult to determine which 
represent seizures. In a study that included 415 clinically diag- 
nosed neonatal seizures, the suspected seizures were categor- 
ized by the four semiology categories: clonic, tonic, myoclonic, 
and subtle [4]. All clinically diagnosed seizures classified as 
focal clonic or focal tonic had an EEG correlate. Alternatively, 
none of the clinically diagnosed seizures classified as general- 
ized tonic or subtle had an EEG correlate. About one-third of 
clinically diagnosed myoclonic seizures had an EEG correlate. 
Interestingly, the seizures that had a consistent electrographic 
correlate (focal clonic and tonic) only comprised about 1696 of 
the clinically diagnosed seizures, while the suspected seizures 
that more often had no electrographic correlate (generalized 
tonic and subtle) comprised 5596 of the clinically diagnosed 
seizures. Myoclonic seizures that inconsistently had an electro- 
graphic correlate were also common, comprising 2596 of the 
clinically diagnosed seizures. Focal EEG seizures had a high 
correlation with focal brain lesion and favorable short-term 
outcome, while clinical seizures without electrographic corre- 
late were associated with diffuse processes, such as hypoxic- 
ischemic encephalopathy, and unfavorable short-term 
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Figure 1.2 Electroclinical seizure in a full-term neonate. (a) The seizure begins with rhythmic 1 Hz sharp waves in the right central region (C4). (b) The sharp waves 
evolve in amplitude and frequency in the right central region (C4) and spreads to the right temporal region (T4). Thirty seconds after electrographic onset of the 
seizure, the infant exhibited a left arm clonic seizure. 
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outcomes [18]. Similarly, a retrospective audit of 43 neonates 
with 160 electrographic seizures found 56% of the neonates 
had clinical signs with the electrographic seizure, and, of those, 
89% had multiple clinical features. The most common clinical 
features seen were subtle seizures: ocular movements (70%), 
oro-lingual movements (56%), and autonomic changes (56%). 
In contrast, clonic movements and tonic movements were seen 
at any point during seizure in only 23% and 25% of neonates, 
respectively [19]. These studies indicate that although focal 
tonic and clonic movements are often associated with electro- 
graphic seizure, they occur less commonly than subtle clinical 
movements, which are inconsistently associated with electro- 
graphic seizures. 

Considering the aforementioned studies, it is understand- 
able that a solely clinical diagnosis of neonatal seizures is 
difficult for clinicians. A study of 51 neonates undergoing 
video EEG demonstrated the difficulties that practitioners 
face. Nine neonates had electrographic seizures and three 
neonates had clinical seizures. On video review, only one- 
third of the electrographic seizures had a clinical correlate 
while two-thirds of the seizures were EEG-only. In total, clin- 
ical staff correctly identified only 996 of the seizures based on 
clinical observation. Simultaneously, clinical staff identified 
numerous movements that were clinically concerning for sei- 
zures, and only 2796 had an electrographic correlate [20]. 
Similarly, a study showed video clips from 20 neonates with 
abnormal movements to 137 healthcare professionals, includ- 
ing nurses and doctors with varying degrees of experience, 
each of whom opined on the nature of the movements. 
Overall, 5096 of the abnormal movements were correctly iden- 
tified as seizures, with clonic movements more often correctly 
identified than subtle movements. Inter-observer agreement 
was poor [21]. These data indicate that clinical seizure diag- 
nosis is problematic since clinicians underdiagnose seizures 
without an identifiable clinical correlate and incorrectly clas- 
sify paroxysmal neonatal movements as seizures, potentially 
leading to ^ unnecessary  nti-seizure medication 
administration. 

The second reason clinical seizure diagnosis is difficult is 
that electroclinical seizures represent a minority of the true 
neonatal seizure burden in most neonates experiencing sei- 
zures. EEG-only seizures are very common in neonates. 
Across neonatal cohorts, rates of EEG-only seizures identified 
by both cEEG and amplitude-integrated EEG (aEEG) range 
from 1096 to 79% [22-25]. EEG-only seizures may occur 
before any treatment, and they are even more common after 
anti-seizure medication administration. Further, about 5096 of 
neonates experience electroclinical dissociation in which there 
is an uncoupling of electrographic seizure activity and clinical 
signs following treatment with an anti-seizure medication 
[26]. Thus, administration of an anti-seizure medication ter- 
minates clinically evident seizures, but EEG-only seizures 
persist. 

For these reasons, it is now recognized that clinical diagnosis 
alone is insufficient to optimally quantify neonatal seizures. 
Clinical seizure diagnosis both overestimates that non-ictal 
events are seizures (leading to unnecessary exposure to anti- 
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seizure medications with potential adverse effects) and under- 
estimates the true incidence of seizure in neonates (potentially 
missing treatment and yielding seizure-induced secondary brain 
injury). As a result, there is increasing use of cEEG in neonatal 
intensive care units [27, 28-30]. 

Among neonates with seizures, the seizure exposure is 
often high. Neonatal status epilepticus has been defined as 
present when the summed duration of seizures comprising 
25096 of an arbitrarily defined 1 hour epoch [17]. Across 
critically ill neonates, the incidence of status epilepticus has 
been reported as 1096-6096 [24, 25, 31, 32]. 


Prognostication Using Neonatal EEG 


While seizure identification and the differential diagnosis of 
paroxysmal events are the primary reasons to perform cEEG 
monitoring in neonates, another important indication is assess- 
ment of the EEG background (Figure 1.3) [15]. EEG background 
assessment may help to predict neurodevelopmental outcomes, 
particularly in neonates with hypoxic-ischemic encephalopathy, 
in whom clinical variables are not reliable predictors of out- 
comes [31, 33]. However, EEG background, while more objec- 
tive than some clinical features or examination signs, also only 
imperfectly predicts outcomes [34-37]. A 2016 systematic review 
included EEG and aEEG studies from 1960 to 2014 assessing 
EEG background features in neonates with hypoxic-ischemic 
encephalopathy. A total of 31 studies were identified with 1948 
term neonates (236 weeks gestational age) with hypoxic- 
ischemic encephalopathy who had neurodevelopmental out- 
come information available at 12 months of age or older. 
Given the time span of the studies, therapeutic hypothermia 
was only used in 2396 of neonates. The review found that burst 
suppression, low voltage, and flat EEG tracings were the most 
accurate predictors of unfavorable neurodevelopmental out- 
comes, having both high sensitivity and specificity. Individual 
studies used a mixture of structured and unique measures to 
determine outcomes. For the meta-analysis, neurodevelopmen- 
tal outcomes were recorded in a binary fashion with normal 
outcome defined as any normal, minor, or mildly abnormal 
outcomes in individual testing and abnormal outcome defined 
as a moderate or severely abnormal or death outcome. Burst 
suppression had a pooled sensitivity of 0.87 and pooled specifi- 
city of 0.82, low voltage had a pooled sensitivity of 0.92 and 
pooled specificity of 0.99, and flat tracing had a pooled sensitiv- 
ity of 0.78 and pooled specificity of 0.99. Though three predictive 
background features were found, the authors noted a lack of 
standardized definitions used for neonatal EEG background 
terms across the studies. EEG type was also not standardized 
across studies, with 45% using cEEG, 45% using aEEG, and 10% 
using a combination [38]. 

Serial EEGs, particularly when background abnormalities 
persist, have stronger predictive value for outcomes than 
single EEG assessments. A retrospective study reviewed 
a heterogeneous group of 58 newborns with neonatal seizures 
who had at least two EEG recordings during the neonatal period 
and follow-up at 30-40 months. The persistence of abnormal 
background activity on sequential EEGs was more significantly 
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Figure 1.3 Neonatal EEG background patterns. (A) Normal EEG background of an awake term neonate consisting of continuous, low-moderate voltage (25-50 
microvolts peak-to-peak) delta and theta activity with overriding beta activity. This pattern is also referred to as "activité moyenne.” (B) Excessively discontinuous EEG 
of a term neonate in quiet sleep. The EEG is considered discontinuous because of prolonged (greater than 6 seconds) inter-burst intervals [arrow denotes onset] that 
are composed of low-voltage (less than 25 microvolts) mixed-frequency activity. (C) Burst suppression EEG of a term neonate, defined as invariant EEG bursts 
separated by prolonged and attenuated (less than 5 microvolts) inter-burst intervals. Bursts [denoted by stars] are characterized by sharply contoured, high-voltage 
(often greater than 200 microvolts) mixed-frequency activity with imbedded spike wave discharges. (D) Electrocerebral inactivity on EEG with the absence of all 
discernable cerebral activity, defined by lack of any EEG activity greater than 2 microvolts. This is also referred to as "electrocerebral silence" or “isoelectric EEG." 


associated with neurodevelopmental delays (relative risk 2.20; 
p-0.006), as well as the development of postnatal epilepsy 
(relative risk 1.8; p=0.041). The development of an abnormal 
EEG background between the first and second EEG (first EEG is 
normal, second EEG is abnormal) increased the risk of neuro- 
developmental delays (relative risk 2.20). Regarding specific 
background abnormalities, the presence of burst suppression 
on any EEG was associated with postnatal epilepsy (p=0.013) 
and postnatal death (p=0.034) [39]. Continuous EEG monitor- 
ing carries the benefit of assessing EEG background across 
multiple time points, like the benefit of serial EEGs. 


Electrographic Seizures in Critically Ill 
Children 


Incidence 


Observational studies of interdisciplinary neurological critical 
care services at large pediatric institutions describe seizures 
and status epilepticus as the most commonly managed condi- 
tions [40, 41]. A study in a quaternary care children’s hospital 
described that among 373 pediatric neurocritical care consul- 
tations over one year, 18% of consults related to an admission 
diagnosis of status epilepticus, 35% of consultations related to 
evaluation of seizures or possible seizures, and cEEG 
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monitoring was performed in 19% of patients [40]. A second 
study from a quaternary care children’s hospital described that 
among 615 pediatric neurocritical care consultations over a 
32-month period, 48% of diagnoses related to epilepsy, sei- 
zures, or status epilepticus. EEG was often used, including 
cEEG monitoring in 28% [41]. 

Studies of critically ill children undergoing clinically indi- 
cated cEEG monitoring report electrographic seizures occur in 
10%-50% of patients (Figure 1.4). Further, about one-third of 
critically ill children with electrographic seizures have 
a sufficiently high seizure burden to be categorized as electro- 
graphic status epilepticus [42-63]. Studies have used varying 
definitions for electrographic status epilepticus, but a common 
criterion has been 5096 of any 1-hour epoch containing seizure 
activity. For example, this could constitute a single 30-minute 
seizure or five 6-minute seizures. The largest epidemiological 
study of cEEG monitoring in the pediatric intensive care unit 
was a retrospective study in which 11 tertiary care pediatric 
institutions each enrolled 50 consecutive subjects, thereby 
yielding 550 subjects. Electrographic seizures occurred in 
3096 of subjects. Among subjects with electrographic seizures, 
electrographic status epilepticus occurred in 3396 of subjects 
and exclusively EEG-only seizures occurred in 3596 of subjects 
[54]. These data are consistent with other single center studies 
[44, 47, 49-51, 53, 55-57, 59, 61-63]. The indications for cEEG 
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Figure 1.3 (Cont) 


monitoring varied across these studies. Some studies included 
only patients with known acute structural neurological disor- 
ders (e.g., hypoxic-ischemic brain injury, encephalitis, or trau- 
matic brain injury), while other studies included patients with 
encephalopathy due to broader and more heterogeneous diag- 
noses (e.g., both primary neurological and primary medical 
conditions). Inclusion criteria variability may explain the 
broad reported electrographic seizure incidences since lower 
electrographic seizure incidences are reported by studies with 
broader inclusion criteria. Additionally, many of the studies 
were small as reflected in the wide 9596 confidence intervals in 
Figure 1.4. When individual subjects from these studies are 
combined, the overall electrographic seizure diagnosis rate is 
34% and the electrographic status epilepticus diagnosis rate is 
1496 [64]. 


Risk Factors 


Continuous EEG monitoring is resource-intensive, and see- 
mingly small utilization and workflow changes have substantial 
impacts on equipment and personnel needs [65, 66]. Thus, 
identifying children at higher risk for experiencing electro- 
graphic seizures may be beneficial in optimally directing limited 
cEEG monitoring resources. Several risk factors for electro- 
graphic seizures have been reported: (1) younger age (infants 
as compared to older children) [49, 52, 54, 57, 59]; (2) the 
occurrence of convulsive seizures [50, 54, 55] or convulsive 
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status epilepticus [49] prior to initiation of cEEG monitoring; 
(3) the presence of acute structural brain injury [48-50, 52, 53, 
55, 57, 61]; and (4) the presence of interictal epileptiform dis- 
charges [49, 53-55] or periodic epileptiform discharges [44]. 
Importantly, EEG-only seizures occur in children who have 
not received paralytics recently or ever during their intensive 
care unit stay [56, 59]. This indicates that clinically evident 
changes are not simply masked by paralytic administration, 
but that there is an electromechanical uncoupling (or electro- 
mechanical dissociation) between the electrographic seizures 
and observable seizure manifestations. 

Unfortunately, these risk factors may have limited clinical 
utility in selecting patients to undergo cEEG monitoring. 
Although statistically significant, the absolute difference in 
the proportion of children with and without electrographic 
seizures based on the presence or absence of a risk factor is 
often only 1096-2096. Seizure prediction models combining 
multiple risk factors might allow better targeting of cEEG 
monitoring within the resource limitations of an individual 
medical center. A recent study derived and validated an elec- 
trographic seizure prediction model with fair to good discri- 
mination, indicating that most, but not all, patients were 
appropriately classified. If a center implemented the broadest 
cEEG monitoring use recommended by the model, 5896 of 
patients without electrographic seizures would be identified 
as not needing cEEG monitoring, thereby reducing cEEG 
monitoring utilization. However, 1496 of patients with 
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Figure 1.4 Proportion of critically ill children who underwent clinically indicated continuous EEG monitoring with electrographic seizures and electrographic status 
epilepticus. Each individual study is listed on the x-axis, with vertical lines representing the 95% confidence interval for each. Adapted to add additional publications 
from original image reprinted from Epilepsy and Behavior, 49, Abend NS, Electrographic status epilepticus in children with critical illness: Epidemiology and outcome. 


223-7, 2015, with permission from Elsevier. 


electrographic seizures would not undergo cEEG monitoring, 
so their seizures would not be identified and managed [67]. 
Further development of seizure prediction models in more 
homogeneous cohorts using additional variables might yield 
improved performance characteristics. 


Timing 

Decisions regarding the duration of cEEG monitoring must 
balance the goal of identifying electrographic seizures against 
practical concerns regarding resources required to perform 
cEEG monitoring. Observational studies of critically ill chil- 
dren undergoing clinically indicated cEEG monitoring have 
reported that about 5096 of patients with electrographic sei- 
zures are identified with 1 hour of cEEG monitoring and 9096 
of patients with electrographic seizures are identified with 
24-48 hours of cEEG monitoring (Figure 1.5) [44, 47, 49, 50, 
53, 55, 56, 59]. However, there are limitations to these data. 
Most of the studies calculated timing based on cEEG monitor- 
ing initiation, which is generally not the same as the onset of 
the acute brain insult. Additionally, patients generally under- 
went 1-3 days of clinically indicated cEEG monitoring, so 
some patients may have had electrographic seizures after 
cEEG monitoring was discontinued. Based on these data, the 
Neurocritical Care Society's Guideline for the Evaluation and 
Management of Status Epilepticus strongly recommends per- 
forming cEEG monitoring for 48 hours to identify electro- 
graphic status epilepticus in comatose children following an 
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acute brain insult [68]. Similarly, the American Clinical 
Neurophysiology Societys Consensus Statement on CEEG 
monitoring in Critically Ill Children and Adults recommends 
performing cEEG monitoring for at least 24 hours in children 
at risk for electrographic seizures [69]. A survey of neurologists 
regarding cEEG monitoring utilization described that most 
perform 24-48 hours of cEEG monitoring when screening 
for electrographic seizures [70]. 

Determining whether to monitor for 24 or 48 hours has 
a substantial impact on resource utilization. Monitoring for 
48 hours identifies slightly more patients with electrographic 
seizures than monitoring for 24 hours, but since all patients 
including those who don't experience electrographic seizures 
must be monitored for an extra day, there is substantial addi- 
tional resource utilization [65, 66]. A cost-effectiveness analy- 
sis used estimated variable costs directly related to cEEG 
monitoring and estimates of electrographic seizure occurrence 
from a literature review; this found that the cost-effectiveness 
of 24 hours of cEEG monitoring per patient identified experi- 
encing seizures was relatively stable across seizure probabil- 
ities. However, for 48 hours of cEEG monitoring, as the 
probability of electrographic seizures decreased the incremen- 
tal cost-effectiveness ratio increased substantially [66]. 
Optimized value-based cEEG monitoring approaches might 
use broad inclusion criteria for 24 hours of cEEG monitoring 
but select only high-risk patients using a seizure prediction 
model to determine which patients need additional monitoring 
to 48 hours or longer. 
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Figure 1.5 Duration of EEG monitoring at onset of the first electrographic seizure in critically ill children. Reprinted from Lancet Neurology, 12(12), Abend NS, 
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Relationship between Seizures and 
Outcomes 


Greater electrographic seizure exposures are associated with 
worse outcomes in critically ill neonates and children. 
However, the extent to which electrographic seizures produce 
secondary brain injury versus serve as biomarkers of more 
severe acute brain injury remains uncertain. Further, the extent 
to which electrographic seizures produce secondary brain 
injury is likely dependent on a complex interplay between 
acute brain injury etiology, seizure exposure, and seizure man- 
agement strategies. Even seizure exposure may be complex and 
related to multiple seizure characteristics including duration, 
anatomical extent, morphology, frequency, and voltage. 
Despite these complexities, many studies have identified asso- 
ciations between seizures, particularly high seizure exposures, 
and unfavorable outcomes. This holds true even after adjusting 
for variables reflecting acute brain injury etiology, acute brain 
injury severity, and critical illness severity. These data indicate 
that in at least some patients, electrographic seizures may cause 
secondary brain injury and subsequently worse neurobeha- 
vioral outcomes. 


Observational Studies in Neonates 


Neonates with seizures have increased short-term and long- 
term risks of mortality and morbidity. While the underlying 
seizure etiology substantially determines outcome, there is 
some evidence that seizures independently worsen outcomes. 

Retrospective studies have assessed the relationship between 
seizures and neurodevelopmental outcomes. A study evaluated 
56 neonates with hypoxic-ischemic encephalopathy who 
underwent therapeutic hypothermia, cEEG monitoring, and 
subsequent magnetic resonance imaging (MRI). Seizures 
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occurred in 3096 of the cohort. The presence of seizures con- 
ferred an increased risk of moderate to severe injury on MRI 
(relative risk 2.3, p=0.02). Neonates with seizures were more 
likely to display cortical or near total brain injury on MRI [71]. 
Similarly, in a heterogeneous cohort of 68 neonates at risk for 
seizures who underwent cEEG monitoring, the presence of 
seizures was associated with increased risk of death due to 
neurological causes in the first year of life (relative risk 7, 
p«0.02) and of cerebral palsy (relative risk 2, p«0.05). Seizure 
burden was associated with microcephaly (p=0.04), severe cer- 
ebral palsy (p=0.03), and failure to thrive (p=0.03) [72]. In 
a study of 311 full-term neonates with seizures monitored 
with aEEG, 65 neonates (18%) had clinical or electrographic 
status epilepticus. Among the subgroup of neonates with 
hypoxic-ischemic encephalopathy, longer duration of status 
epilepticus was associated with worse outcome (215 minutes 
of seizures in poor outcome versus 85 minutes of seizures in 
good outcome, p<0.05) [73]. 

Two studies have evaluated the response to anti-seizure 
medications to assess the relationship between neonatal sei- 
zures and outcomes. A retrospective study of 52 neonates 
monitored with EEG for seizures graded both seizure severity 
(mild, moderate, severe) and change in severity over time. 
Neonates were stratified by their response to anti-seizure med- 
ications in the neonatal period. There was no association 
between anti-seizure medication response and later develop- 
mental outcomes. However, seizure severity did predict out- 
comes, with mild- and moderate-severity seizures associated 
with normal (p=0.002) or moderate (p=0.007) outcomes [74]. 
Seizure refractoriness may also confer worsened outcomes. A 
retrospective study of 46 term neonates with refractory neona- 
tal seizures due to heterogeneous etiologies used the number of 
anti-seizure medications administered as a surrogate measure 
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of seizure severity. Among neonates who received <2 anti- 
seizure medications versus 23 anti-seizure medications, 
normal development occurred in 50% versus 5%, moderate 
disability occurred in 20% versus 27%, and severe disability 
occurred in 30% versus 68% (p<0.01) [75]. 

Although the above studies demonstrate a consistent asso- 
ciation between seizure burden, refractoriness to treatment, 
and outcome, their univariate analyses did not adjust for 
the severity of the underlying brain injury, an important poten- 
tial confounder. Several studies have performed multivariate 
analyses adjusting for variables reflecting brain injury severity 
[76-79]. A multicenter prospective study of 85 neonates 236 
weeks gestational age with moderate-severe hypoxic-ischemic 
encephalopathy treated with therapeutic hypothermia and 
undergoing aEEG identified seizures in 5296, including 3596 
with high seizure burden (>15 minutes per hour) or status 
epilepticus. In multivariate analyses accounting for severity of 
underlying injury as reflected by aEEG background and Apgar 
scores, high seizure burden remained associated with a severe 
pattern of MRI injury (odds ratio 5, 9596 confidence interval 
1.47-17.05, p=0.01) [76]. Similarly, a prospective study of 77 
neonates with hypoxic-ischemic encephalopathy of at least 36 
weeks gestational age evaluated for largely clinical seizure 
occurrence and seizure severity. Even after adjustment for 
MRI severity of hypoxic-ischemic brain injury, every 1-point 
increase in the seizure severity scale was associated with 
a 4.7-point reduction in intelligence quotient (IQ). The median 
IQ for neonates with no seizures, mild/moderate seizures, and 
severe seizure burdens were 97, 83, and 67, respectively. After 
adjustment for MRI severity, the seizure severity score was also 
associated with an increased odds of an abnormal neuro-motor 
score (odds ratio 20, 9596 confidence interval 3-140) [77]. 
A multicenter prospective cohort of 49 neonates of at least 36 
weeks gestational age with moderate to severe hypoxic- 
ischemic encephalopathy treated with therapeutic hypothermia 
was monitored with aEEG for occurrence of seizure. Seizures 
occurred in 5996 of neonates and seizure burden was scored as 
low (no seizures or «15 minutes of seizure per 1 hour) or high 
(>15 minutes of seizure per 1 hour). A multivariate analysis that 
included seizure burden and aEEG discontinuity demonstrated 
an association between high seizure burden and severe MRI 
brain injury with an odds ratio of 4.2 for severe MRIinjury with 
high seizure burden (9596 confidence interval 1.01-17.5, 
p=0.05). Although severe MRI injury was associated with unfa- 
vorable neurodevelopmental outcomes (Pearson’s R 0.62, 
p<0.001), the direct relationship between seizure burden and 
neurodevelopmental outcome was not assessed [78]. Together, 
these studies using multivariate analyses indicate that even after 
adjusting for variables reflecting hypoxic-ischemic injury sever- 
ity, seizures are associated with worse MRI injury and worse 
neurobehavioral outcomes. 


Randomized Controlled Trials in Neonates 

Two randomized controlled trials exploring the effects of treat- 
ing subclinical seizures in neonates with hypoxic-ischemic 
encephalopathy have demonstrated that EEG-guided therapy 
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can reduce seizure burden and that higher seizure burden is 
associated with worse neurodevelopmental and neuroimaging 
outcomes [80, 81]. A multicenter study of 63 infants with 
hypoxic-ischemic encephalopathy monitored all neonates 
237 weeks gestational age with aEEG. At the time of the first 
seizure on aEEG, 33 neonates who experienced seizures were 
randomized to treatment of all seizures (clinical and aEEG) or 
treatment of only the clinically evident seizures. However, all 
neonates underwent aEEG, so the true seizure burden was 
available for all. There was a non-significant trend toward 
lower seizure burden on aEEG in the group with treatment of 
all seizures (195 versus 503 minutes). Further, neonates who 
died had experienced a higher seizure burden than survivors 
(428 minutes versus 164 minutes). Additionally, MRI injury 
severity correlated with seizure burden among the entire 
cohort (p<0.001) and among the neonates treated for only 
clinical seizures (p=0.001). However, there was no significant 
difference in MRI injury severity between the two treatment 
groups (p=0.292) [80]. 

A second randomized controlled trial enrolled neonates 236 
weeks gestational age with moderate to severe hypoxic-ischemic 
encephalopathy or neonates with clinical seizures. All underwent 
continuous EEG to assess seizure burden, but neonates were 
randomized to treatment of all seizures (clinical and cEEG) or 
only the clinically evident seizures. Thirty-five neonates who had 
been randomized experienced seizures and thus provided the 
analyzed study cohort with 15 in the EEG-guided treatment 
group and 20 in the group treating only clinical seizures. 
Neonates with status epilepticus were excluded from analysis. 
The median duration of seizures was significantly lower in the 
EEG than clinical group (449 versus 2226 seconds, p=0.02). There 
were also a lower number of seizures in the electrographic seizure 
group than the clinical seizure group (median of 7 versus 12, 
[p=0.04]), and the time to treatment completion was lower in the 
electrographic seizure group than the clinical seizure group 
(mean of 79 minutes versus 170 minutes, [p=0.04]). When com- 
bining both treatment groups, higher seizure burden was asso- 
ciated with worse MRI injury scores (p<0.03) and lower 
performance on Bayley neurodevelopmental testing (cognitive 
composite R=0.502 p=0.03; motor composite R=0.497 p=0.01; 
language composite R=0.444 p=0.03). However, there were no 
significant differences in MRI injury score or neurodevelopmen- 
tal outcome between the two treatment groups, likely due to the 
small sample size [81]. 


Observational Studies in Children 


Several studies in critically ill children have identified an asso- 
ciation between electrographic seizures, particularly with high 
seizure exposures, and worse outcomes. This association holds 
even after adjustment for potential confounders related to 
acute encephalopathy etiology, acute encephalopathy severity, 
and critical illness severity. A prospective observational study 
of EEG in 204 critically ill neonates and children found occur- 
rence of electrographic seizures was associated with a higher 
risk of unfavorable neurological outcome (odds ratio 15.4) in 
a multivariate analysis that included age, etiology, pediatric 
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index of mortality score, Adelaide coma score, and EEG back- 
ground categories [51]. 

Several other studies aimed to evaluate the effect of seizure 
burden and categorically classified children as having no sei- 
zures, electrographic seizures, or electrographic status epilep- 
ticus. A single-center study of 200 children in the pediatric 
intensive care unit with outcome assessed at discharge identi- 
fied an association between electrographic status epilepticus 
and higher mortality (odds ratio 5.1) and worsening Pediatric 
Cerebral Performance Category scores (odds ratio 17.3) in 
multivariate analyses including seizure category, age, acute 
neurological disorder, prior neurodevelopmental status, and 
EEG background categories. Electrographic seizures less than 
electrographic status epilepticus were not associated with 
worse outcomes [82]. A multicenter study of 550 children in 
the pediatric intensive care unit reported an association 
between electrographic status epilepticus and mortality (odds 
ratio 2.4) in a multivariate analysis that included seizure cate- 
gory, acute encephalopathy etiology, and EEG background 
categories. Electrographic seizures not classified as electro- 
graphic status epilepticus were not associated with mortality 
[54]. 

A single-center prospective study evaluated 259 critically ill 
infants and children who underwent cEEG monitoring. There 
were electrographic seizures in 36% of subjects, and 9% of those 
with seizures had electrographic status epilepticus. The mean 
maximum hourly seizure burden (proportion of each hour con- 
taining seizures) was 16% in subjects with neurological decline 
versus 2% in subjects without neurological decline. In 
a multivariate analysis that adjusted for diagnosis and illness 
severity, for every 1% increase in the maximum hourly seizure 
burden, the odds of neurological decline increased by 1.13. 
Maximum hourly seizure burdens of 10%, 20%, and 30% were 
associated with odds ratios for neurological decline as measured 
using the Pediatric Cerebral Performance Category scores of 3.3, 
10.8, and 35.7, respectively. [58]. 

A study addressing long-term outcome obtained follow-up 
data at a median of 2.7 years following admission to the 
pediatric intensive care unit in 60 encephalopathic children 
who were neurodevelopmentally normal prior to admission to 
the pediatric intensive care unit and underwent clinically indi- 
cated cEEG monitoring. Multivariate analysis including acute 
neurological diagnosis category, EEG background category, 
age, and several other clinical variables identified an associa- 
tion between electrographic status epilepticus and unfavorable 
Glasgow Outcome Scale (Extended Pediatric Version) category 
(odds ratio 6.36), lower Pediatric Quality of Life Inventory 
scores (median of 23.07 points lower), and an increased risk 
of subsequently diagnosed epilepsy (odds ratio 13.3). Children 
with electrographic seizures not classified as electrographic 
status epilepticus did not have worse outcomes in this study 
[83]. 


Summary 

Taken together, these studies indicate that at least in some 
critically ill neonates and children, there may be a dose- 
dependent or threshold effect of electrographic seizures upon 
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outcomes, with high seizure exposures having clinically rele- 
vant adverse impacts. This threshold may vary based on age, 
brain injury etiology, and seizure characteristics such as the 
extent of brain involved and electroencephalographic mor- 
phology. However, an important caveat to these data is that 
most of these were observational studies in which clinicians did 
identify and manage electrographic seizures, yet despite this 
management, electrographic seizures remained associated with 
worse outcomes. It is possible that seizure identification and 
management did partially improve outcomes that would have 
been worse if the seizures had not been identified and mana- 
ged. Thus, optimized seizure identification and management 
approaches might yield improved outcomes. Further study is 
needed to develop optimal management strategies and assess 
their impact on outcomes. 


Clinical Practice Guidelines and Consensus 
Statements 


Neonates 


There are three guidelines and consensus statements related 
to EEG in neonates: those published by the American 
Clinical Neurophysiology Society [15, the World Health 
Organization [84], and the American Academy of 
Pediatrics [10]. 

In 2011 the American Clinical Neurophysiology Society 
published a guideline on cEEG monitoring in the neonate 
created by a panel of expert neurophysiologists based on 
extensive literature review [15]. The guideline describes two 
main purposes of cEEG monitoring in the neonate: (1) elec- 
trographic seizure identification, and (2) encephalopathy 
assessment. There are several indications related to electro- 
graphic seizure identification (Table 1.1). First, cEEG mon- 
itoring may be used to determine whether paroxysmal clinical 
events are seizures. The likelihood that such events are elec- 
troclinical seizures is increased in high-risk populations, 
including those with acute encephalopathy, cardiac or pul- 
monary conditions that increase the risk for acute brain 
injury, central nervous system infection, brain trauma, 
inborn errors of metabolism, perinatal stroke, prematurity 
with intraventricular hemorrhage, and genetic syndromes. 
Second, cEEG monitoring may be used to identify EEG-only 
seizures that have no identifiable clinical correlate and can 
only be identified using cEEG monitoring. Third, cEEG mon- 
itoring may be used during weaning of anti-seizure medica- 
tions to evaluate for recurrent seizures. Fourth, cEEG 
monitoring can be used to characterize burst suppression. 
Regarding encephalopathy assessment, cEEG provides 
a marker of brain function. Tracking changes in the EEG 
background over time may identify changes in an encephalo- 
pathic infant whose neurological status may not be assessed 
by clinical examination. Some EEG background features are 
predictive of long-term outcomes [15] and a normal EEG 
background has been associated with a low risk of acute 
seizures [85]. All high-risk neonates should be monitored 
for at least 24 hours to screen for electrographic seizures, 
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Table 1.1 Neonatal populations at high risk for seizures, adapted from the 
American Clinical Neurophysiology Society's Guideline on Continuous 
Electroencephalography Monitoring in Neonates, J Clinical Neurophysiology 
2011. 


Category Examples 


Acute neonatal 
encephalopathy 


HIE, postnatal collapse 


Cardiac or pulmonary 
risk for brain injury 


ECMO, congenital heart defects 
perioperatively 


CNS infection Meningitis, encephalitis 


CNS trauma Subarachnoid bleeding, 


nonaccidental trauma 


Inborn errors of 
metabolism 


Organic and amino acidurias, urea 


cycle defects 
Stroke Arterial stroke, venous thrombosis 
At-risk preterm infants Acute IVH 


Genetic/syndromic 
disease 


Cerebral dysgenesis, multiple 
anomalies with encephalopathy 


Use of paralytic 
medications 


As indicated by postoperative or 
ventilatory management 


even if clinically concerning movements have not occurred. 
Multiple studies in high-risk groups show that most acute sei- 
zures occur within 24-72 hours of the acute brain insult [24, 76, 
86-89]. If seizures are identified, then the guideline recom- 
mends continuing cEEG monitoring for an additional 
24 hours after the last electrographic seizure to ensure full 
resolution. If cEEG monitoring is used for differential diagnosis 
of abnormal paroxysmal events, then it is recommended that 
cEEG monitoring continue until all events have been captured 
adequately on EEG and the presence or absence of an electro- 
graphic correlate can be assessed. Technical standards for EEG 
recording and reporting are further detailed in the American 
Clinical Neurophysiology Societys Standardized EEG 
Terminology and Categorization for the Description of CEEG 
monitoring in Neonates (see Chapter 2) [17]. 

In 2011 the World Health Organization published 
a guideline on neonatal seizures that was a multidisciplinary 
effort based on a formal literature review published with the 
guideline [84]. While neonatal seizure treatment recommen- 
dations were considered weak with low evidence, all recom- 
mendations regarding cEEG monitoring were considered 
strong, with the expert panel finding that desirable effects of 
cEEG monitoring outweigh any undesirable effects. More spe- 
cifically, the guideline strongly recommended that in specia- 
lized facilities where cEEG monitoring is available, all clinical 
seizures should be confirmed by EEG and all electrical seizures 
should be treated, including those without clinical correlate 
only identifiable using cEEG. 

In 2014 a clinical report from the American Academy of 
Pediatrics reviewing neonatal encephalopathy and the use of 
therapeutic hypothermia recognized that there was variation 
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in the neuromonitoring capabilities of centers performing 
therapeutic hypothermia [10]. The committee concluded 
that centers offering therapeutic hypothermia should be cap- 
able of providing comprehensive care for affected neonates, 
which includes seizure detection and monitoring with some 
form of EEG (conventional EEG or amplitude-integrated 
EEG). 


Children 


There are two guidelines and consensus statements related to 
cEEG monitoring in critically ill children: those published by 
the Neurocritical Care Society [68] and the American Clinical 
Neurophysiology Society [69, 90]. 

The Neurocritical Care Society's Guidelines for the 
Evaluation and Management of Status Epilepticus recom- 
mends 48 hours of cEEG monitoring to identify electrographic 
seizures in at-risk patients including (1) patients with persist- 
ing altered mental status for more than 10 minutes after con- 
vulsive seizures or status epilepticus, and (2) encephalopathic 
children after resuscitation from cardiac arrest, with traumatic 
brain injury, with intracranial hemorrhage, or with unex- 
plained encephalopathy. If status epilepticus occurs (including 
electrographic status epilepticus), then the guideline recom- 
mends that management should continue until both clinical 
and electrographic seizures are halted [68]. 

The American Clinical Neurophysiology  Society's 
Consensus Statement on Continuous EEG monitoring in 
Critically Ill Children and Adults recommends cEEG monitor- 
ing for 24-48 hours in children at risk for seizures. EEG 
monitoring indications include: (1) recent convulsive seizures 
or convulsive status epilepticus with altered mental status, (2) 
cardiac arrest resuscitation or with other forms of hypoxic- 
ischemic encephalopathy, (3) stroke (intracerebral hemor- 
rhage, ischemic stroke, and subarachnoid hemorrhage), and 
(4) encephalitis and altered mental status with related medical 
conditions. The consensus statement provides additional 
detailed recommendations regarding personnel, technical spe- 
cifications, and overall workflow [69, 90]. 


Summary 


Multiple guidelines regarding cEEG monitoring in neonates 
and children provide a wide range of indications focused on 
identification of electrographic seizures that may be difficult 
or impossible to diagnose by clinical observation alone. These 
guidelines call for relatively wide use of cEEG monitoring 
based on the presumption that seizure identification and 
management reduce secondary brain injury and improve out- 
comes. While seizures are certainly common in many of the 
cohorts recommended for monitoring making cEEG moni- 
toring reasonable, few data are available to guide manage- 
ment when seizures are identified. Further study of both 
specific anti-seizure medications and overall seizure manage- 
ment approaches is needed, since to serve as 
a neuroprotective strategy, seizure identification using cEEG 
monitoring must be followed by evidence-based optimized 
seizure management. 
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Quantitative EEG for Electrographic Seizure 
Identification 


There are two key problems with expanding cEEG monitoring in 
critically ill neonates and children. First, CEEG monitoring among 
critically ill patients is resource-intensive and requires substantial 
electroencephalographer time to review the full tracing. Second, 
since cEEG monitoring is generally only reviewed intermittently 
by electroencephalographers and EEG technologists, delays may 
occur between electrographic seizure onset and management 
initiation. Quantitative EEG techniques may improve cEEG mon- 
itoring review efficiency by electroencephalographers and allow 
more involvement by bedside clinicians, which could improve the 
speed of electrographic seizure identification. 

Quantitative EEG techniques separate the complex EEG 
signal into components (such as amplitude and frequency) 
and compress time in the display, thereby permitting display 
of several hours of EEG data on a single image that may be 
interpreted more easily and rapidly than conventional EEG 
[91]. The most commonly utilized quantitative EEG techni- 
ques are amplitude-integrated EEG (aEEG), which is based on 
amplitude, and color density spectral array (CDSA), which is 
based on both amplitude and frequency. 


Neonates 


The most commonly used form of quantitative EEG monitor- 
ing for neonates is aEEG (Figure 1.6). This is a bedside EEG 
monitoring tool that employs 2-4 electrodes that yield either 


a 
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a single- or dual-channel EEG recording. Often, electrodes are 
placed in the bilateral central regions for maximal seizure 
detection [92]. Alternative strategies involve placing electrodes 
over bilateral frontal or bilateral parietal regions or an averaged 
hemispheric or regional recording, though this may decrease 
sensitivity. Compared to cEEG, aEEG allows more rapid elec- 
trode application and interpretation of aEEG data by neona- 
tologists and neonatal nurses at bedside. A survey of perinatal 
practitioners in the United States found that 55% of respon- 
dents reported aEEG use in their neonatal intensive care units, 
with higher rates in academic centers. The most common 
reasons for aEEG use were decisions regarding seizure treat- 
ment (~80%), decisions regarding therapeutic hypothermia 
initiation (~50%), to guide counseling and prognosis (~50%), 
and to aid decisions surrounding medication dosages and 
treatment durations (~35%) [30]. 

The aEEG has an established role in encephalopathy assess- 
ment despite variable concordance between aEEG background 
features and clinical outcomes [93, 94]. The role of aEEG for 
seizure identification is more nuanced since although seizure 
identification with aEEG is imperfect, it is readily available and 
superior to clinical seizure identification. A study in neonates 
with hypoxic-ischemic encephalopathy performed aEEG in all 
neonates but randomized neonates to have management based 
on clinical observation alone or clinical observation plus use of 
aEEG data. Neonates in whom clinicians could use aEEG data 
had shorter total duration of seizures [95]. These data indicate 
that while imperfect, aEEG may have a meaningful clinical 


Figure 1.6 Amplitude-integrated EEG (aEEG) examples. (a) Normal aEEG with 6-hour compressed time scale using bilateral central channels (C3-Cz, Cz-C4). 


Minimum amplitudes are consistently between greater than 5 microvolts and maximum amplitudes are greater than 10 microvolts. There is evidence of variability 
with sleep-wake cycling. (b) Improving aEEG with 24-hour compressed time scale and bilateral central channels (C3-Cz, Cz-C4). Initially, minimum amplitudes are low 
(<5 microvolts) with maximum amplitudes of 5 microvolts and greater. During the 24-hour recording, amplitudes gradually improve with minimum amplitudes 
greater than 5 microvolts and maximum amplitudes greater than 10 microvolts. (c) Abnormal aEEG with 6-hour compressed time scale and bilateral central channels 
(C3-Cz, Cz-C4). Amplitudes are persistently diminished with minimum amplitudes of <5 microvolts and the majority of maximum amplitudes <10 microvolts. 

(d) Severely abnormal aEEG with 6-hour compressed time scale and bilateral central channels (C3-Cz, Cz-C4). Amplitudes are persistently attenuated with all 
minimum and maximum amplitudes less than 10 microvolts. (e) Seizures on aEEG with 6-hour compressed time scale and bilateral central channels (C3-Cz, Cz-C4). 
Seizures are characterized by a sudden change in amplitude in a notch-like or bell-shaped morphology. There are numerous seizures in this 6-hour recording, 
denoted by arrows. (f) Electrode artifact on aEEG with 6-hour compressed time scale and bilateral central channels (C3-Cz, Cz-C4). Note the abrupt and extremely high 
voltage (100 microvolts) of the nature of the tracing. 
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impact in reducing seizure exposure. While aEEG may answer 
the binary question of whether an EEG record contains any 
seizures with relatively high accuracy, individual seizure discri- 
mination is lower than with cEEG, potentially resulting in an 
under-estimate of seizure burden, including underdiagnosis of 
status epilepticus [96, 97]. 

The discordance in seizure identification between cEEG and 
aEEG is due to both modifiable and non-modifiable factors. An 
aEEG is less accurate in identifying seizures that are brief in 
duration, slow in frequency, or low in amplitude, or originate 
from cerebral locations that are distant from the recording elec- 
trodes [98]. These factors are innate to the seizure and generally 
not influenced by aEEG display characteristics or user training, 
though once seizure location is established a limited electrode 
scheme could be placed to maximize specific regional seizure 
identification. One modifiable factor affecting aEEG interpreta- 
tion is the experience of the aEEG interpreter; non-experienced 
users have been shown to miss at least 5096 of seizures using aEEG 
alone [99]. Though users with more experience theoretically have 
improved seizure identification, some studies show that indivi- 
dual seizure detection by this experienced group remains low, 
with aEEG readers with at least one year of experience identifying 
only 12-3896 of individual seizures [97]. In addition to the false 
negatives associated with aEEG, false positives may occur. Given 
the lack of additional EMG, EKG, respiratory, and ocular chan- 
nels that often aid the electroencephalographer in distinguishing 
between cerebral and artifactual changes on the EEG, artifact can 
be misinterpreted as seizure [96]. Finally, the majority of aEEG is 
interpreted by neonatology staff rather than electroencephalogra- 
phers, and neonatologists self-report low confidence in their 
ability to perform aEEG interpretation. Survey data of neonatol- 
ogists describe that only 796 of neonatologists report feeling very 
confident about aEEG interpretation while 3196 feel not confident 
about aEEG interpretation [27]. 

Given the above limitations of aEEG, the American Clinical 
Neurophysiology Society's guideline on EEG monitoring in neo- 
nates recommended that cEEG monitoring remain the gold stan- 
dard for seizure identification in neonates and that cEEG should 
be used whenever available. The guideline described that aEEG 
can act as a complementary tool to aid in rapid bedside diagnosis 
of seizures followed by confirmation with cEEG. When cEEG is 
not available, aEEG can be used for seizure screening, but if 
a seizure is suspected on aEEG, then it should be confirmed on 
cEEG when cEEG is available [15]. 


Children 


Quantitative EEG test characteristics are still being established in 
critically ill children, and use of quantitative EEG is not as wide- 
spread as aEEG in neonates (Figure 1.7). In one study, 27 color 
density spectral array and aEEG tracings were reviewed by 3 
electroencephalographers. The median sensitivity for seizure iden- 
tification was 83% using CDSA and 82% using aEEG. However, 
for individual tracings the sensitivity varied from 0 to 10096, 
indicating excellent performance for some patients and poor 
performance for other patients, likely related to individual seizure 
characteristics. A false positive (event identified as a seizure that 
was not a seizure based on conventional EEG review) occurred 
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about every 17-20 hours [100]. In a second study, 84 CDSA images 
were reviewed by 8 electroencephalographers. Sensitivity for sei- 
zure identification was 6596, which indicated that some electro- 
graphic seizures were not identified. Only about half of seizures 
were identified by 6 or more of the raters, indicating problems with 
inter-rater agreement. Specificity was 9596, which indicated that 
some non-ictal events were misdiagnosed as seizures [101]. 
A study of CDSA and envelope trend EEG review by electroence- 
phalographers found that seizure identification was impacted by 
both modifiable factors (interpreter experience, display size, and 
quantitative EEG method) and non-modifiable factors inherent to 
the EEG pattern (maximum spike amplitude, seizure duration, 
seizure frequency, and seizure duration) (Figure 1.7) [102]. 

Critical care providers are generally continually in the 
pediatric intensive care unit and have expertise using other 
screening modalities. Involving these providers might allow 
more rapid electrographic seizure identification. A study pro- 
vided 20 critical care physicians (attending physicians and 
fellows) and 19 critical care nurses with a brief training session 
regarding color density spectral array and then asked partici- 
pants to determine whether each of 200 CDSA images con- 
tained electrographic seizures. The images were created from 
conventional EEG derived from critically ill children resusci- 
tated from cardiac arrest, and the true seizure incidence was 
3096 based on electroencephalographer review of the conven- 
tional EEG tracings. Among critical care providers reviewing 
CDSA images, the sensitivity was 7096 (indicating that some 
electrographic seizures were not identified) and the specificity 
was 6896 (indicating that some images categorized as contain- 
ing EEG seizures did not contain seizures based on conven- 
tional EEG review). Given the 3096 seizure incidence used in 
the study, the positive predictive value was 4696 and the nega- 
tive predictive value was 86% [103]. 


Summary 


Data in neonates and children indicate that commercially available 
quantitative EEG techniques permit identification of many but not 
all seizures, and sometimes non-ictal events might be misidentified 
as seizures based on isolated quantitative EEG review. While 
imperfect, these techniques may be valuable when conventional 
cEEG is not available and may improve the efficiency of cEEG 
monitoring review by electroencephalographers. Since quantita- 
tive EEG techniques lead to misclassification of some non-ictal 
events as seizures, potentially leading to unnecessary anti-seizure 
medication administration, confirmation by conventional EEG 
review is indicated when quantitative EEG techniques suggest 
seizures are present. Such confirmation is particularly important 
for patients with refractory events to confirm that these events 
represent seizures prior to escalating to management with high- 
dose or multiple anti-seizure medications. 

Further development of quantitative techniques, display opti- 
mization (including specific quantitative EEG trends and the 
duration of EEG displayed on a screen), and improved quantita- 
tive EEG training methods may allow these techniques to become 
even more valuable adjuvants to cEEG data. Additionally, syner- 
gistic methods could make use of the efficiency and bedside avail- 
ability of quantitative EEG methods and the accuracy of 
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Figure 1.7 Amplitude-integrated EEG (aEEG) and color density spectral array (CDSA) image showing an electrographic seizure in a critically ill child. The 
electrographic seizures are characterized by increases in amplitude (displayed as increases on the y-axis) on the aEEG and CDSA tracings, and also by an increase in 
power (displayed as warmer colors) on the CDSA tracing. Reprinted from Lancet Neurology, 12(12), Abend NS, Wusthoff CJ, Goldberg EM, Dlugos DJ. Electrographic 


seizures and status epilepticus in critically ill children and neonates with encephalopathy. 1 


conventional cEEG tracings. Quantitative EEG might be used 
at bedside to allow for rapid and frequent screening with 
confirmation of ongoing seizures by conventional EEG 
review prior to treatment initiation. Additionally, review of 
the initial portion of conventional EEG might be used to 
fine-tune the optimal quantitative EEG display at bedside 
for individual patients. This type of strategy was utilized by 
a randomized controlled trial of electrographic versus clin- 
ical seizure treatment in neonates that found that the com- 
bined strategy resulted in decreased acute seizure burden 
[81]. 


170-9, 2013, with permission from Elsevier. 


Conclusions 


Continuous EEG monitoring of critically ill neonates and chil- 
dren offers an opportunity to assess and monitor cerebral func- 
tion to guide overall therapy and identify electrographic seizures 
which are associated with unfavorable outcomes. Further 
research is needed to optimally target cEEG monitoring 
resources to the highest risk patients, develop management 
strategies that synergistically utilize quantitative EEG and con- 
ventional EEG, better understand the impact of electrographic 
seizures on patient outcomes, and develop optimized evidence- 
based seizure management strategies. 


based study, California 1998-2002. 6. Allen KA, Brandon DH. 
J Pediatr. 2009;154(1):24-8 el. 
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Illustrative Case 
Case 1 Pitfalls in aEEG Interpretation 


Key Points 

* An electroencephalogram (EEG) reflects the summation of 
electrical activity arising from excitatory and inhibitory post 
synaptic potentials of pyramidal neurons. 

EEG electrodes are traditionally placed on the scalp according 
to the International 10-20 system of electrode placement. 

* There are a number of different montages that may be used 
to best analyze an EEG and allow for interpretation of the 
spatial distribution and localization of the EEG activity 
across the cortex. Neonates may require a reduced montage. 
Full EEG data remain the gold standard of 
neurophysiological monitoring; however, reduced montage 
and quantitative EEG techniques have allowed providers, 
particularly in the neonatal and pediatric intensive care units, 
to have supplementary data to interpret, in real time, at the 
patient's bedside or via remote access. 


Physiology 

An electroencephalogram (EEG) reflects the summation of 
electrical activity arising from excitatory and inhibitory post 
synaptic potentials of pyramidal neurons [1]. The release of 
a neurotransmitter onto a post-synaptic membrane creates post- 
synaptic potentials. Certain neurotransmitters are excitatory, such 
as glutamate and acetylcholine, while others, such as gamma- 
aminobutyric acid (GABA), are inhibitory. When an excitatory 
neurotransmitter depolarizes a post-synaptic membrane, this 
opens sodium and/or calcium channels, and creates an excitatory 
post-synaptic potential (EPSP). When an inhibitory neurotrans- 
mitter acts on a post-synaptic membrane, potassium and/or chlor- 
ide channels open, and therefore inhibit the membrane potential 
so that sodium channels are not opened and depolarization cannot 
occur. This produces an inhibitory post-synaptic potential (IPSP). 
The sum of these potentials creates the surface scalp EEG activity. 
EEG essentially displays the difference in electrical voltage between 
two different recording locations (y-axis) over time (x-axis) [2]. 
Approximately 6 cm of cortex must be activated to create enough 
electrical activity to be visible on a scalp EEG [1, 2]. 


Electrodes 
Electrode Placement 


EEG electrodes are traditionally placed on the scalp according 
to the International 10-20 system of electrode placement 
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(Figure 2.1), based on the recommendations of the General 
Assembly of the International Federation of Clinical 
Neurophysiology (IFCN) [3] and the American Clinical 
Neurophysiology Society (ACNS) [4]. Electrodes are placed 
based on bony landmarks: nasion, inion, and preauricular, 
and then at specific proportional intervals to create standard 
distances between electrodes. 

The ACNS recommends a minimum of 21 electrodes for the 
10-20 placement system, with each electrode labeled based on 
its anatomic location [4]. The letter “C” is used for the central 
head locations, "F" for frontal, ^P" for parietal, ^O" for occipital, 
and “T” for temporal. Numbers are then also used to indicate 
placement, with odd numbers located over the left hemisphere 
and even numbers over the right hemisphere. Lower numbers 
indicate electrodes closer to the midline, and the letter ^z" (for 
Zero) is used to indicate midline electrodes [5]. 

Under certain circumstances, additional electrodes may be 
needed for more detailed localization. In this case, the 10-10 
system is used, with electrodes placed in closer proximity to 
each other. The additional electrodes are located at points 
halfway between the traditional 10-20 positions [6]. 
Temporal electrodes in the 10-20 system are labeled differently 
in the 10-10 system, with T3 and T4 instead labeled as T7 and 
T8, respectively. T5 and T6 in the 10-20 system are instead 
labeled as P7 and P8 respectively in the 10-10 system [3, 4, 5] 
(Figure 2.1). 

For neonates (any infant less than 44-48 weeks postmenstr- 
ual age), a reduced number of electrodes is commonly used due 
to small head size, lack of EEG activity in the frontopolar head 
regions, or restrictive environments such as the neonatal ICU, 
where a full electrode array may not be possible. In these 
situations, the ACNS has recommended use of a 10-20 system 
modified for neonates that includes the following 11 electro- 
des: Fp1, Fp2, C3, Cz, C4, T7 (T3), T8 (T4), O1, O2, Al, and A2. 
Alternatively, using Fp3 and Fp4 in place of Fp1 and Fp2 is 
acceptable for frontal electrode coverage [4] (Figure 2.1). The 
addition of extracerebral channels (ECG, EMG, respiratory 
leads and pulse oximetry) is also recommended, both to assist 
with differentiating sleep-wake stages and to enable the EEG 
reader to distinguish artifacts from cerebral activity (see 
below). 


Electrode Types 

EEG electrodes are applied to the scalp to permit the direct 
recording of electrical current. In a standard EEG recording, 
the electrodes are cup-shaped and 1 cm in diameter. Most cup 
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Figure 2.1 (a) Standard International 10-20 electrode positions; (b) modified 
10-10 electrode positions; (c) 10-20 electrode placement, modified for 
neonates. 
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electrodes have a flat rim to maximize skin contact and a hole 
in the center to facilitate the addition of conductive paste or 
gel. Electrodes can be made from platinum, tin, or gold, but the 
most common type is made from silver oxidized with chloride, 
which allows for adequate ion exchange with the conducting 
gel [5, 7]. For patients requiring prolonged EEG monitoring, it 
is helpful to use electrodes that are compatible with magnetic 
resonance imaging (MRI) and computed tomography (CT) 
scanning to prevent the need for frequent removal and reap- 
plication. Removal and reapplication of EEG electrodes may 
exacerbate scalp breakdown and increases the chance of miss- 
ing seizures or other important information during the longer 
time intervals during which the EEG is disconnected. A gold- 
plated silver electrode system has been shown to be safe and 
cause minimal artifact during MRI, and a conductive plastic 
electrode system has been shown to be safe and cause minimal 
artifact during both CT and MRI [8, 9]. 

An alternative to cup electrodes is needle electrodes, placed 
subdermally in the scalp. These have the advantage of being 
less easily dislodged and often recording with superior impe- 
dance. While commonly used in Europe, these are less often 
used in North America due to concerns for needlestick injuries 
and infection risk. 


Methods of Affixing EEG Electrodes 


Prior to attaching electrodes, the EEG technologist prepares 
the patient’s scalp with a skin preparation solution, which 
removes excess oil and debris in order to decrease impedance. 
Impedance should typically be less than 5 kO and is tested after 
electrode application by an ohmmeter, typically on the EEG 
machine [5]. For patients with delicate skin (e.g., newborns) 
for whom aggressive scalp preparation could be harmful, 
a higher impedance (10 kQ) is usually acceptable. Electrode 
cups are filled with a conductive paste or gel and held in place 
with adhesives, and/or pressure from head caps or wraps. If 
a prolonged EEG study is anticipated, the use of collodion or 
other adhesive pastes is preferable because the prolonged use of 
head wraps can predispose to pressure sores, particularly under 
forehead electrodes. Collodion is an adhesive substance for- 
mulated from pyroxylin, a nitrated cellulose that is typically 
dissolved in diethyl ether and ethyl alcohol. When collodion is 
drying, the vapors of the diethyl ether solvent emit a strong 
odor that can be unpleasant; however, routine use of collodion 
has been shown to meet occupational health and safety stan- 
dards when adequate ventilation is maintained. Nevertheless, 
because of this unpleasant odor, alternative adhesive pastes are 
favored by many EEG laboratories [5, 10-12]. 


Polarity 


Each EEG channel has two inputs (commonly referred to as G1 
and G2) that measure the voltage difference between two 
electrodes. Pairs of input electrodes can be rearranged to create 
a variety of different montages (described below). By conven- 
tion, an upward deflection on the EEG indicates negative 
polarity, meaning that the voltage at input 1 is more negative 
than input 2 (“negative to positive = up”). Conversely, 


At 
Input 1-2 
AB 
B- 
Input 2-3 
BoC 
C + 


Figure 2.2 Input 1 (A) is more positive than input 2 (B), creating a downward 
deflection. Input 2 (B) is more negative than input 3 (C), creating an upward 
deflection. The most negative point between the two channels is B. This creates 
a phase reversal in a bipolar montage. 


a downward EEG deflection indicates positive polarity, with 
more positive voltage at input 1 as compared to input 2 (“posi- 
tive to negative = down") [1, 5] (Figure 2.2). 


Montages 


An EEG montage is a specific arrangement of EEG electrode 
channels and is designed to permit comparisons of the elec- 
trical voltage between the channels. There are a number of 
different montages that may be used to best analyze an EEG, 
and allow for interpretation of the spatial distribution and 
localization of the EEG activity across the cortex. The ACNS 
has proposed a guideline for the standard montages that are to 
be used in clinical EEG laboratories, paraphrased as follows: 
A minimum of 16 channels should be recorded simulta- 
neously; however, a larger number of channels is encouraged. 
It is recommended that all 21 electrodes of the 10-20 system 
be used. A minimum of longitudinal bipolar, transverse bipo- 
lar and referential montages should be used in every record- 
ing. Electrode connections should be clearly indicated at the 
beginning of each montage, the pattern of electrode connec- 
tions should be simple, and montages easy to comprehend. 
The tracings from the more anterior electrodes should be 
displayed above the more posterior electrodes, and at least 
some of the montages should be comparable across all EEG 
laboratories [4]. 


Bipolar Montages 


A bipolar montage refers to the comparison of two electrodes 
compared at inputs 1 and 2, respectively. Active electrodes are 
connected to both inputs, without one common electrode. The 
montage is formed by a chain of these electrodes, typically 
linked either in a longitudinal (anterior to posterior) or trans- 
verse (left to right) orientation across the scalp (Figure 2.3). As 
an example, such a chain of channels could appear as follows: 
Fp1-F3, F3-C3, C3-P3, P3-OI. In this example, the first chan- 
nel in the chain is Fp1-F3. Input 1 of channel 1 is Fp1, and 
input 2 of channel 1 is F3. The second channel is F3-C3, with 
F3asinput 1 and C3 as input 2. In a bipolar montage, the aim is 
to identify the electrode registering the maximum voltage. 
Bipolar montages are most helpful to analyze localization in 
signals that are rapidly changing across space. They are less 
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useful for the assessment of differences in amplitude, or signals 
with a broad field. 

A longitudinal bipolar montage, as mentioned, sequentially 
links electrode pairs to be analyzed anteriorly to posteriorly in 
a sagittal plane (commonly referred to as the “double banana” 
montage). A transverse bipolar montage allows for electrical 
activity to be analyzed left to right, in a coronal plane. The 
circumferential bipolar montage allows for analysis in an axial 
plane [1, 2, 5]. 


Referential Montages 


A referential montage refers to the comparison of one active 
electrode at input 1 to a presumably neutral reference electrode 
at input 2. The same common reference electrode is used as 
input 2 for every channel in the montage (Figure 2.3). An 
example of such a montage is: Fp1-Cz, F3-Cz, C3-Cz, P3-Cz, 
O1-Cz. In this example, the first channel in the chain is Fp1- 
Cz, and input 1 is Fp1, while the common reference electrode, 
Cz, is input 2. The ideal neutral reference electrode is inactive 
to the activity of interest, although this is not always possible. 
To some degree, the neutral reference electrode is always 
somewhat active. 

Many times an average reference is used. This is obtained by 
electronically averaging the voltage in all of the scalp electrodes 
together and using this information as the "average reference" 
(note: the frontopolar electrodes may be omitted from the 
average due to predictable extracerebral artifact). An example 
of a chain using an average reference is: Fpl-Avg, F3-Avg, 
C3-Avg, P3-Avg, O1-Avg. 

Referential montages are helpful for analyzing waveform 
morphology, amplitude, and signals with a broad field. They 
are less useful for localizing rapidly changing signals, and 
caution must be used in determining the correct, least active 
electrode as the reference electrode. For example, a Cz refer- 
ence electrode may be helpful for analyzing activity presumed 
to be far from the vertex, but could distort a trace recorded in 
sleep, since the typical sleep EEG is most active at the central 
vertex. A montage using the auricular electrodes as a reference 
("ipsilateral ears" for example) may be helpful for activity 
presumed to be maximal far from the ears or temporal head 
regions, but could distort the record of a person with seizures 
or epileptiform discharges that arise from the temporal lobe 
[1, 2, 5]. 


Neonatal Montages 


For children older than 48 weeks postmenstrual age, the con- 
ventional International 10-20 system described above should 
be applied [13]. Pediatric, adolescent, and adult patients' EEGs 
are recorded using the same system. Neonates require 
a modified montage, due to small head size. As described 
above, the suggested minimum reduced array consists of elec- 
trodes placed at these positions: Fp3, Fp4, C3, Cz, C4, T7 (13), 
T8 (T4), O1, O2, Al, and A2 (bilateral auricular electrodes). 
The Fp3 and Fp4 electrode positions are recommended 
because of the newborn's natural paucity of EEG activity in 
the frontopolar head regions. Fp3 is located midway between 
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the typical Fp1 and F3 electrode positions. There are several 
montages that are used commonly in neonatal EEG monitor- 
ing, and these commonly combine single- and double-distance 
electrodes [5, 13, 14]. Unlike EEG for older infants and chil- 
dren, a single montage is typically adequate for neonatal EEG 
records (Table 2.1). 

Neonatal EEGs are subject to misinterpretation due to 
rhythmic artifact from respirations, pulse, EKG, patting, suck- 
ing, and a variety of limb, eye, and head movements. It is, 
therefore, recommended that a minimum of two channels 
devoted to extra-cerebral variables, such as EKG and respira- 
tory leads, be included in the neonatal EEG montage. Ideally, 
electromyography (EMG) channels representing chin, limb, 
and bilateral eye movements are also included [15]. 

Since the native EEG frequencies of a newborn are in the low 
delta range, it is typical practice to review a neonatal EEG display 
at 15 mm/second, instead of the standard 30 mm/second used 
for children and adults. This allows for better appreciation of 
slower frequencies, as well as discontinuity, interhemispheric 
synchrony, and state changes [16] (Figure 2.4). 


Filters 


Filters are used in digital EEG recording to either reduce or 
emphasize particular frequencies of electrical activity, and to 
help compensate for artifact related to electrical power. Scalp 
EEG reading software frequently has standard settings that 
include frequencies between a band of 0.5 and 70 Hz. This 
allows for the emphasis to be placed on medium frequency 
range activity, when appropriate [2]. Common high frequen- 
cies that may distort an EEG recording include myogenic 
artifact, while sweat artifact (e.g., salt bridges) and movement 
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artifact are the most common low frequencies that may 
distort a recording. While filters can be extremely helpful, 
they must be used deliberately and sparingly, lest desired 
activity be masked and important abnormalities rendered 
undetectable. 


Table 2.1 Commonly used sample montages for neonates. Extracerebral 
channels should also be included (e.g., respiratory, EKG, EMG) 


Channel 1 2*5 

1 Fp1-C3 Fp1-F3 
2 C3-01 PHC 
3 Fp1-T3 CP 
4 T3-01 Fp2-F4 
5 Fp2-C4 F4-C4 
6 C4-02 C4-P4 
7 Fp2-T4 IIIS 
8 14-O2 T3-T5 
9 T3-C3 T5-O1 
10 CCZ F8-T4 
1 CZ-C4 T4-T6 
12 C4-14 T6-O2 


*Not all of these electrode positions are used in the International 10-20 
system modified for neonates. 
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Figure 2.3 Three screen-shots of the same recording, in different montages: (A) longitudinal bipolar montage; (B) transverse bipolar montage; (C) referential 


(average) montage. 
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Figure 2.4 This is a neonatal EEG with the limited montage, including extracerebral channels at the bottom of the recording: respiratory (blue), EKG (red), chin EMG 


(purple), eye movements (green), and limb EMG (pink). 


High-Frequency Filters 

A high-frequency filter (HFF), also referred to as a “low-pass 
filter,” is used to reduce or attenuate unwanted fast frequen- 
cies. The commonly used default setting is 70 Hz. Application 
of a 70 Hz low-pass filter dampens frequencies higher than 
70 Hz and allows lower frequencies to be appreciated more 
easily. This filter can be adjusted as necessary. For example, 
reducing the low-pass filter (e.g., to 30 Hz or to 15 Hz) can 
allow for more detailed evaluation of slower frequencies that 
are obscured by myogenic artifact (e.g., during a seizure) [5]. 


Low-Frequency Filters 


A low-frequency filter (LFF) is also referred to as a “high-pass 
filter,” as it filters lower frequencies and allows high frequen- 
cies to be displayed. The default setting for a low-frequency 
filter is typically 0.5 Hz. When this filter is applied, the EEG 
will not display frequencies less than 0.5 Hz [5]. The high-pass 
filter frequency can be adjusted to reduce the impact of low- 
frequency extracerebral artifact. 


Notch Filter 


The notch filter aids in eliminating the most common type of 
electrical artifact. This is typically set at 60 Hz in North 
America and 50 Hz in Europe, corresponding to electrical 
frequencies used regionally. Electrical artifact arises from 
other nearby machines, medical equipment or electronics, as 
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these devices are most often powered with alternating current 
[2, 5]. In most EEG labs, the filter is not required as standard 
laboratories are electrically protected. Electrical artifact is most 
commonly seen in the inpatient setting, particularly in the ICU 
(Figure 2.5). 


Extracerebral Channels 


Extracerebral electrodes include EKG, EMG (submental, extre- 
mities), respiratory leads, and/or pulse oximetry. Channels 
such as EKG, respiratory, or pulse oximetry allow for exam- 
ination of extracerebral causes for the patient’s clinical event, 
such as primary cardiac arrhythmia, apnea, or desaturation 
events. This information may provide further clinical clues 
regarding the underlying etiology of the patient’s index events. 
Extracerebral channels also allow for examination of poten- 
tial artifacts. Respiratory or pulse artifact can create rhythmic 
delta activity on the EEG, which may be perceived and treated as 
a seizure if the EEG reader does not have access to the extra- 
cerebral channel. Repetitive movements can be seen on the EMG 
channel, and correlating this with myogenic artifact on EEG can 
be extremely helpful when determining whether a movement is 
due to a seizure or to a nonseizure paroxysmal event. 
Time-locked video recording is also essential, both for 
neonatal and pediatric EEG monitoring. Review of the video 
can assist with detecting artifact (e.g., from patting an infant), 
description of event semiology, and determining if an electro- 
graphic seizure has any clinical correlate. To be most useful, 
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provoke focal slowing. They also produce cha 


mal physiological responses. These tests are n 
Activation procedures are typically performed when obtaining ^ neonates, patients who are unable to cooperate, 
are critically ill. 


a bedside observer who can press a patient event button and term EEG monitoring study. These procedure 
a baseline routine EEG, or at the start of a non-urgent long- 


Figure 2.5 This neonatal EEG illustrates the same record with notch filter off (A) versus on 


document any events of concern is essential. 


Activation Procedures 
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Hyperventilation 


Hyperventilation is performed by having a patient breathe 
quickly and deeply for 3-5 minutes. It is normal for patients 
to exhibit diffuse slowing during hyperventilation. In particu- 
lar, children’s hyperventilation response can be quite robust 
and rhythmic. This activation technique can be especially use- 
ful for patients with suspected genetic generalized epilepsy 
(particularly childhood or juvenile absence epilepsy), because 
hyperventilation activates generalized spike-wave discharges 
and can provoke absence seizures. In patients with focal 
cortical dysfunction, hyperventilation may elicit focal EEG 
slowing over the affected region. Hyperventilation is contra- 
indicated for patients with severe pulmonary or cardiac 
disease, acute or recent stroke, or significant cerebrovascular 
disease, due to the risk of vasoconstriction and reduced cere- 
bral perfusion [1, 13, 17]. 


Photic Stimulation 


Photic stimulation is also a routinely performed activating 
procedure, during which the patient is exposed to a brief series 
of flashing lights at specific frequencies ranging from 1 to 
30 Hz. It is normal to see a “photic driving response” on 
EEG, which is characterized by symmetric bi-occipitally pre- 
dominant surface negative deflections occurring at the same 
time and frequency as the flashes of light. Sometimes, these 
driving responses can occur at harmonic or subharmonic fre- 
quencies, relative to the light flashes. Photic stimulation can 
induce a photoparoxysmal response for some patients. This 
typically consists of a generalized epileptiform discharge 
(spike-wave or polyspike-wave) occurring in response to the 
photic stimulation. In order to confirm the association of the 
discharge with the photic stimulus, the EEG technologist will 
typically repeat the same flash frequency that initially induced 
the photoparoxysmal response. If the discharges occur again, 
the response is said to be reproducible and photic stimulation 
should be terminated in order to avoid provocation of 
a photoparoxysmal convulsion. If the photoparoxysmal 
response persists after the photic stimulation ends, the patient 
may have a photosensitive epilepsy syndrome [17]. 


Quantitative EEG 


Full array EEG data remain the gold standard of neurophysio- 
logical monitoring. In recent years, the volume of EEG studies 
has increased substantially, and many centers do not have the 
capabilities or personnel to individually interpret real-time full 
EEG data 24 hours per day, 7 days of the week. Reduced 
montage and quantitative EEG techniques have allowed pro- 
viders, particularly in the neonatal and pediatric intensive care 
units, to have supplementary data to interpret, in real time, at 
the patient’s bedside or via remote access. Although these tools 
are not equivalent to full EEG, the information they provide 
can be extremely helpful in centers where EEG technologists 
and/or neurophysiologists are not continuously available or 
ICU monitoring volumes are high. These techniques are also 
interesting and exciting research tools. 
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Amplitude-Integrated EEG 


Conventional long-term monitoring EEG is the gold standard 
for monitoring neonates at risk for seizures [14]. In many 
neonatal nurseries or ICUs, however, long-term monitoring 
EEGs and clinical neurophysiologists are not consistently 
available; amplitude-integrated EEG (aEEG) can be a useful 
tool. In most cases, the aEEG electrodes can be applied by 
bedside nurses or other NICU staff, and the aEEG can be 
interpreted without the assistance of a neurophysiologist if 
necessary [18, 19]. Both hydrogel and needle electrodes are 
commonly employed for aEEG recordings. Hydrogel electro- 
des have the advantage of not breaking the skin, but can be 
easily dislodged and may provide higher impedance values. 
Needle electrodes provide better, and more consistent, impe- 
dance, but require subdermal insertion. 

Amplitude-integrated EEG records activity from one or 
two channels, using electrodes typically placed over the 
biparietal head regions (P3 — P4) or bilateral central- 
parietal positions (C3 — P3; C4 —P4). The biparietal 
derivation was chosen for single channel recording in neo- 
nates as this is the over the cerebrovascular watershed 
regions - areas that are most susceptible to ischemia and 
to seizures [20]. In the international 10-20 system, mod- 
ified for neonates, P3 and P4 electrodes are not tradition- 
ally used. The P3 — P4 channel on aEEG is most 
anatomically similar to the C3 — C4 channel in 
a traditional neonatal reduced montage. The EEG data 
from the single channel are processed and filtered, attenu- 
ating frequencies that are outside the 2-15 Hz range and 
minimizing artifact that may arise from movements, pulse, 
sweat, etc. Data are further processed via semilogarithmic 
amplitude compression and displayed at a time scale of 
6 cm per hour. This allows for a large amount of data to 
be reviewed and interpreted quickly on a single screen at 
the patient’s bedside. Studies have proven aEEG to be 
valuable in providing information regarding the neonate’s 
EEG background; however, its use for seizure detection is 
less predictable, with widely variable specificity and sensi- 
tivity [20, 21] (Figure 2.6). 

Some neonatal ICUs use aEEG and conventional EEG 
simultaneously. Many times, the aEEG is displayed on the 
bedside monitor, for use by the primary ICU team, while the 
conventional EEG is interpreted remotely by the clinical 
neurophysiologist. This allows the bedside staff to alert the 
neurophysiologist to any acute concerns as they appear on the 
aEEG, at which time they can be confirmed on conventional 
EEG. 


Quantitative EEG 


Quantitative electroencephalography (QEEG) allows for digi- 
tal trend analysis of raw EEG data. This can be particularly 
helpful in centers where clinical neurophysiologists may not be 
available for interpretation of large volumes of real-time con- 
ventional EEG analysis 24 hours per day. There are various 
trend techniques, which use a variety of algorithms and dis- 
plays to analyze data according to frequency or amplitude 
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Figure 2.6 Amplitude-integrated EEG in a neonate, as displayed at the bedside. 
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trends, seizure or spike detection, and artifact reduction. The 
value of QEEG in pediatric and neonatal EEG has been less 
studied to date than adult QEEG, but is an area of growing 
interest [2, 21-23]. Importantly, review of QEEG is not 
intended to replace interpretation of the full EEG. Rather, 
QEEG complements conventional EEG and may improve 
reviewers’ efficiency (Figure 2.7). 
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Frequency Trends 


Color Density spectral array (CDSA) is a specific form of 
QEEG. Specific frequency bands (ie. alpha, beta, delta, 
theta) are analyzed separately in specific channels or hemi- 
spheres and compared to the accompanying channels or 
opposite hemisphere. Frequency data may be displayed 


independently, or analyzed in proportion to the EEG voltage, 
which is called power. The power spectrum is the square of 
the voltage, which can be displayed via Fast Fourier 
Transform (FFT) [2, 22]. FFT is characterized by time dis- 
played on the x-axis, and frequency on the y-axis. Power is 
represented on a z-axis in a color or grayscale code [2, 23]. 
Spectrograms can then be created and displayed to represent 
rhythmicity, or asymmetry between hemispheres or particu- 
lar channels. A ratio of alpha to delta frequencies (the alpha- 
delta ratio) may be calculated using FFT and is employed to 
evaluate for differences in frequency bands between hemi- 
spheres, averaged over a specified period of time. Spectral 
analysis does not allow for analysis of waveform morphology, 
which is a limitation and highlights the need for co- 
interpretation with the raw EEG data when a suspected 
abnormality is detected [2, 21-23]. 


Amplitude Trends 

Amplitude trends are intended to be combined with other EEG 
trends. Time is displayed on the x-axis and amplitude on the 
y-axis. Peak envelope-trend analysis displays a patient’s med- 
ian waveform amplitudes for a specified period of time. 
A suppression ratio calculates the percentage of time during 
which the EEG amplitude (in microvolts) is below a specified 
threshold for a specified time interval; the ratio is then typically 
compared between hemispheres. Akin to the power spectra, an 
amplitude spectrum can be analyzed by obtaining the equiva- 
lent of the square root of the power spectrum [23]. 
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Event Detection 


Event detection analysis allows for detection of particular 
programmed EEG patterns, such as spikes, sharp waves, or 
patterns concerning for seizures. It is common for false- 
positive patterns to be identified, and many commercially 
available algorithms lack sensitivity and specificity [21, 23]. 


Artifact Reduction 


Artifact reduction is designed to identify and reduce extracer- 
ebral signals that can distort an EEG (e.g., muscle or eye move- 
ments). This technology can be helpful when the artifact source 
is clear, and it allows for a cleaner interpretation of the scalp 
EEG; however, many sources of artifact cannot be eliminated 
automatically, and are best identified by using extracerebral 
channels and video monitoring in conjunction with raw EEG 
data interpretation [2]. 


Summary 


EEG monitoring is increasingly prevalent in the neonatal and 
pediatric ICU. Professional organizations have published recom- 
mended standards for the application, acquisition, and interpre- 
tation of EEG data. Extracerebral channels are particularly 
important for ICU monitoring, since sources of artifacts are 
ubiquitous in the ICU setting. EEG trending techniques and 
reduced montage approaches may enhance efficiency of ICU 
EEG interpretation, but they cannot replace thorough review of 
the raw signal by a trained clinical neurophysiologist. 
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Illustrative Cases 
Case 1 Pitfalls in aEEG Interpretation 


Case 27 Autoimmune Encephalitis 


Key Points 
e Starting an ICU neuromonitoring program requires in- 
depth logistical planning prior to initiation. Seemingly small 
changes to continuous EEG monitoring practices may have 
a striking impact on resource availability and utilization. 
Essential decisions include: what patient populations are to 
be monitored, for how long, as well as how often EEG data 
will be reviewed and by whom. 
Involving the entire team early in logistical planning - 
including EEG readers (attending physicians and trainees), 
pediatric neurologists, neonatal and pediatric intensivists 
and nurses, neurodiagnostic technologists, neurodiagnostic 
laboratory team, and hospital administrators - will help 
identify possible flaws in the implementation plan and avoid 
costly financial decisions or committing to practices that 
resources will not support. 
* Functioning as a multidisciplinary team is essential for the 
long-term success of an ICU neuromonitoring program. 


Introduction 


Over the past decade, the utilization of continuous EEG 
(cEEG) monitoring in the intensive care unit (ICU) has dra- 
matically increased. This increase has been driven predomi- 
nantly by our increased awareness of the presence of 
nonconvulsive seizures in certain high-risk populations. With 
increased demand for cEEG services, the need for strong logis- 
tical planning of neuromonitoring units has become increas- 
ingly evident. Without effective planning, what may seem like 
small changes in cEEG monitoring protocols can result in 
substantial downstream effects resulting in major stressors to 
the care system [1, 2]. This chapter will focus on the logistics of 
developing a cEEG neuromonitoring unit with an emphasis on 
standard of care practice [3], consensus guidelines [4-6], and 
practical considerations. 


Constructing a cEEG Neuromonitoring Team 
and Baseline Assessment 


Forming a team early in the development of the cEEG neuro- 
monitoring program is essential for success. Key members 
of the team include attending and trainee physicians 
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(electroencephalographers, pediatric neurologists, and ICU 
physicians, especially those in leadership roles), neurodiagnos- 
tic laboratory technologists (NDTs) and administrators, hos- 
pital administrators, ICU nurses and physician extenders, and 
information technology (IT) specialists. As “buy in" is essential 
from each of these groups for a cEEG neuromonitoring unit to 
be successful having them involved early in the planning 
process is invaluable and allows for early identification of 
potential roadblocks. Failure to identify potential problems 
may have substantial financial ramifications that may have 
been avoidable with planning. 


Who and How to Monitor: Development of 
Institutional Guidelines 


Once the team forms, a baseline assessment of resources 
should be performed. The following items should be consid- 
ered: current monitoring practice (who is being monitored, 
duration of monitoring, workflow from cEEG order place- 
ment) and cEEG resources (EEG technicians - number and 
availability, EEG machines, electrodes, data storage, data prun- 
ing practices, EEG readers, network capacity, remote access, 
quantitative EEG). Understanding the hospital's commitment 
to growth of the unit and the possibility of future resource 
allocation allows for construction of realistic monitoring pro- 
tocols that will not overstress the system. A checklist of infra- 
structure items needed for a cEEG ICU neuromonitoring unit 
is provided in Table 3.1. 

There are many points to consider prior to starting a cEEG 
neuromonitoring service, perhaps none more important than 
identification of which patients will undergo monitoring. The 
American Clinical Neurophysiology Society (ACNS) has con- 
sensus statements to serve as guidelines for which pediatric and 
neonatal patient populations should be considered for cEEG 
monitoring [4-6]. As they pertain to children, these guidelines 
have suggested the following general indications: (1) the diag- 
nosis of nonconvulsive seizures, nonconvulsive status epilepti- 
cus, and other paroxysmal events; (2) assessment of efficacy of 
treatment of seizures and status epilepticus; (3) monitoring of 
sedation and high-dose suppressive therapy; and (4) assessment 
ofencephalopathy and prognostication [5]. The ACNS Neonatal 
guidelines propose specific high-risk neonates for which cEEG is 
also strongly recommended [4]. Specifics of these indications 
are covered in further detail in other chapters. 

The ACNS guidelines provide a framework for developing 
institutional guidelines regarding which patients will be mon- 
itored as well as the duration of monitoring. Development of 
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Table 3.1 Infrastructure requirements for an ICU cEEG neuromonitoring 
program 


Equipment 

- Acquisition machines (hardwired vs. portable) 

- Review station monitors 

- Electrodes: consider whether to use CT/MRI compatible 

- Quantitative EEG software 

- Central server/network access for transfer and storage 
of cEEG data 


- Archiving equipment 
- Remote access for real-time review 


Personnel 

- Certified physician cEEG readers 

= eurodiagnostic technologists, with at least one ICU 
specialist 

- Hospital and neurodiagnostic laboratory administrators 
- Information technology support 

- Pediatric neurology physicians 

- ICU team members (physicians, physician extenders, 
CU nurses) 


Institutional cEEG guidelines 
- Indications for monitoring and recommended duration of 
monitoring for each indication 
- Timing of cEEG service availability and target response 
imes for hook-up 
- Protocol for ordering cEEG studies (who can order, 
and lines of communication) 
- Outline of cEEG review frequency and reporting policy 


institution-specific guidelines is very important, and should 
realistically accommodate institutional resources. Some insti- 
tutions may already perform a combination of monitoring 
modalities, including amplitude-integrated EEG (aEEG) 
based cerebral function monitors, limited-montage cEEG, 
and full-montage cEEG. Agreement on when and in whom 
to utilize each of these modalities and when to transition from 
one modality to another should be part of institutional 
guidelines. 

It is essential that institutional guidelines be co- 
developed by Neurology and ICU staff. At the outset, an 
analysis to assess anticipated cEEG volume and potential 
impact on other parts of the health system should be per- 
formed. This analysis will determine the adequacy of cur- 
rent infrastructure, including personnel and equipment, to 
support the implementation of the protocol. 
Implementation of the program in stages, by sequentially 
targeting specific patient populations (e.g., traumatic brain 
injury, hypoxic-ischemic encephalopathy, refractory status 
epilepticus) and limiting cEEG monitoring to specific ICUs 
(e.g., pediatric, neonatal, cardiac) allows for reassessment of 
how current resources are tolerating the added cEEG 
volume. The importance of ICU input in the development 
of the institutional guidelines cannot be emphasized 
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enough, as the ICU team typically identifies the patients in 
need of monitoring before the neurology team is involved in 
their care. A lack of ICU team involvement will result 
in unsuccessful implementation of institutional neuromoni- 
toring guidelines. 

Alongside indications for monitoring, institutional guide- 
lines should also establish how cEEG monitoring is to be 
ordered and by whom (e.g., whether neurology shall be con- 
sulted prior to cEEG order), the urgency of cEEG hook-up and 
triage, the frequency of cEEG review and reporting, the max- 
imum number of patients that can be monitored at a given 
time, and the duration of monitoring. Each of these will 
depend on institutional resources. 


cEEG Monitoring Equipment 
Electrodes 


Neuromonitoring is most commonly performed using disc or 
cup electrodes (gold-plated silver, silver/silver-chloride, or 
conductive plastic) with a minimum of 16 electrodes placed 
according to the 10-20 International electrode system. The 
use of fewer electrodes decreases sensitivity for seizure detec- 
tion and makes it more difficult to distinguish artifacts [5]. 
As patients in the ICU frequently require neuroimaging, CT 
and/or MRI compatible electrodes should be used when 
possible. Repeated removal and reapplication of cEEG elec- 
trodes for neuroimaging contributes to skin breakdown [5] 
and is an inefficient use of NDT time, which may be a limited 
resource. Subdermal single-use disposable (stainless steel) 
needle electrodes can be applied rapidly, but they have infer- 
ior recording quality and pose the risk of needlestick injury 
to staff [5]. These electrodes may cause artifact on CT and are 
not MRI compatible. Due to these factors, we generally do 
not recommend needle electrodes for cEEG recordings in the 
ICU. Subdermal wire electrodes offer another alternative to 
reduce skin breakdown and are particularly suitable for 
patients requiring multiday neuromonitoring. These single- 
use electrodes, consisting of a silver Teflon-coated wire with 
a silver-chloride tip, provide recording quality superior to 
disk electrodes, cause minimal CT artifact and can be mod- 
ified to be MRI compatible [5]. 

Electrode cap systems can be used to facilitate EEG elec- 
trode placement by ICU staff when NDTs are not available. 
Drawbacks include increased risk of skin breakdown, the need 
for disinfection between uses, and that application can be 
limited by the presence of intracranial monitoring devices 
and head wounds [5]. As an alternative, single-use disposable 
templates are available to facilitate electrode application by 
ICU staff. 


cEEG Acquisition Machines and Review Stations 


Acquisition machines can be portable or fixed, with each hav- 
ing advantages and disadvantages. Portable units allow the 
flexibility of monitoring patients in different locations and 
present lower start-up costs as compared to fixed machines 
that are hardwired to a series of patient rooms or bed spaces. 


However, fixed machines have advantages in the ICU environ- 
ment because they do not take up valuable floor space and may 
provide superior camera angles and hence video quality. If 
portable units are to be used in the ICU, carts with small 
footprints are recommended to minimize the amount of floor 
space required. 

Computers used to acquire cEEG data should have enough 
processing power to acquire EEG with synchronized video and 
simultaneously process quantitative EEG (QEEG) trends. Hard 
drives on acquisition machines should have the capacity to 
store at least 24 hours of EEG and video data. Video is an 
absolute necessity in identifying sources of artifact and asses- 
sing for clinical correlations to electrographic findings. 

All acquisition machines should have network connectivity 
at a minimum speed of 100 megabits per second [5]. 
Hardwired Ethernet-based connections are generally preferred 
to ensure sufficient bandwidth to accommodate streaming 
EEG and video. Wireless connectivity should only be consid- 
ered if the hospital’s wireless network is demonstrated to be 
sufficiently robust, and strategic placement of wireless access 
points in the ICU may be required. 

Review stations should be equipped with display monitors 
meeting the current standards of 1600 x 1200 pixels with 
a diagonal screen of 20 inches or more [5]. Dual monitor 
display facilitates concomitant review of QEEG. 


Network and Remote Access 


It is essential for cEEG readers to be able to access the cEEG 
both from numerous sites within the hospital (EEG reading 
room, office, clinic, wards, etc.) as well as outside the hospital 
while on call. Real-time remote access capabilities must be 
available. A robust hospital network is needed to support the 
transfer of EEG data and video from acquisition machines and 
servers to review stations. Adequate network capacity is essen- 
tial to allow for appropriate EEG review speed, which is of 
crucial importance once a large volume of cEEG studies is 
performed and stored. 

Neuromonitoring programs should work closely with their 
institution’s information technology team to ensure the pro- 
tection of all personal health information, on both wireless 
networks and through remote access. Options for remote 
access include a virtual private network (VPN) connection to 
the institution, server-based remote desktop environments 
such as Citrix, or third-party secure remote desktop connec- 
tions [5]. 


Data Storage 


Continuous EEG is typically stored on a central hospital server 
using database software supplied by the EEG vendor. Servers 
must have adequate storage capacity, taking into consideration 
the following variables: the amount of video and EEG data 
generated by each acquisition machine per day (typically about 
12 gigabytes), the number of acquisition machines in opera- 
tion, and the number of days that EEG data will be stored prior 
to pruning and archiving [5]. Ideally, acquisition units will 
upload video cEEG data to the central server in real time, 


https://doi.org/10.1017/9781316536001.003 Published online by Cambridge University Press 


Logistics of Neuromonitoring 


with fallback to storage on a local hard drive in the event of 
an interruption in network connectivity. Storing data on 
a central server allows for high-speed access as well as multiu- 
ser access to the same file from multiple different sites. The 
servers hosting patient data should be routinely backed up for 
redundancy to protect against data loss. 

Video cEEG data can be digitally archived to DVDs, 
external hard drives, archive servers, or network attached 
storage devices [5]. Ease of access should be taken into con- 
sideration, as comparison of newly acquired cEEG and 
archived cEEG recordings is commonly necessary. To save 
storage space before archiving, video data are usually clipped 
to include only pertinent clinical events. The cEEG data may 
be retained in their entirety or clipped. Clipped file samples 
should provide an adequate representation of what is 
described in the report, such as clinical events and relevant 
samples of background, interictal discharges, periodic dis- 
charges, and electrographic seizures. Quantitative EEG trends 
used in cEEG interpretation should also be stored. Although 
legal requirements vary by jurisdiction, EEG data must typi- 
cally be stored for 7-10 years or 2-10 years after a pediatric 
patient's 18th birthday. 


Quantitative EEG 


Over the past several years, use of QEEG in the ICU has 
become more commonplace. QEEG has proven quite useful 
in detection of electrographic seizures, and more recently as 
a bedside monitor of cerebral function. QEEG may be part of 
a vendor's cEEG platform, or separate commercially available 
software may be purchased and integrated into an institution's 
cEEG system. Software packages vary in types of monitoring 
trends and seizure detection algorithms, and some have multi- 
patient display capabilities. QEEG helps reduce cEEG review 
time and may reveal slowly evolving changes in the cEEG 
background over long periods, which may not be as evident 
on raw EEG review [5]. QEEG should not be used in isolation 
because some seizures are likely to be missed. Furthermore, 
QEEG findings should always be confirmed on the raw EEG to 
avoid misinterpretation of artifact. Commonly used QEEG 
techniques display amplitude (as in aEEG), rhythmicity, sym- 
metry, frequency, and/or power over a compressed time scale. 
QEEG trends can be combined to create more sophisticated 
multiple-trend panels (Figure 3.1). Some trends may be more 
useful in certain patients, while not as helpful in others. The 
choice of QEEG trends can be tailored to individual patients, 
and custom trends or trend panels can be created. QEEG 
trends are most commonly generated using a hemispheric 
average of electrodes, which allows for right-left comparison 
of a given trend. However, QEEG trends for individual EEG 
channels may also be displayed. A basic QEEG panel would 
often include bi-hemispheric amplitude-integrated EEG 
(aEEG), color density spectral array (CDSA), asymmetry 
index, and a rhythmicity spectrogram or envelope trend. 

The current standard of care for ICU cEEG monitoring is 
continuous EEG data acquisition with intermittent EEG review 
[5]. Although this model is certainly superior to no cEEG 
monitoring at all intermittent review does create the 
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possibility that seizures may go undetected for several hours 
(see Case 1 in Part V). 

Excitingly, QEEG does offer the possibility of enabling ICU 
staff without EEG expertise to identify changes in the cEEG, 
thereby providing real-time bedside neuromonitoring. In just 
a few quick training sessions, ICU staff are typically able to 
identify common patterns of concern, most notably electro- 
graphic seizures. However, these patterns should not be acted 
upon by the ICU without confirmation on the raw EEG by 
properly trained staff. This safeguards against misinterpreta- 
tion of artifact and resultant overtreatment. In addition to 
QEEG, the raw EEG should also be displayed at the bedside 
to allow the ICU team to see if something technically has gone 
wrong that could influence what is seen on the QEEG, most 
commonly, poorly connected electrodes (Figure 3.2). Finally, 
some QEEG systems include computerized seizure detection 
algorithms which can be linked to audible or email alarms to 
alert EEG readers or bedside practitioners. However, the rela- 
tively high false positive rates of current algorithms have lim- 
ited their adoption. QEEG is increasingly used as a bedside 
monitor, in hopes that those patients with electrographic sei- 
zures may be more rapidly identified and treated. 


Personnel 


Neurodiagnostic Technologists (NDTs) 


Per ACNS guidelines, all ICU cEEG recordings should be 
performed by trained and certified neurodiagnostic technolo- 
gists (NDTs), with at least one technologist on the team 
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Figure 3.1 Basic quantitative EEG panel. QEEG trends include rhythmicity spectrogram (rows 1 & 2 from top), amplitude-integrated EEG (rows 3 & 4), fast Fourier 
ransform (FFT) spectrogram, also known as color density spectral array (CDSA) (rows 5 & 6), and asymmetry index (bottom). 


meeting criteria as an NDT ICU specialist [5]. These NDTs 
should have at least 3 years of experience (including 1 year of 
cEEG) and should receive special training in cEEG equipment 
management and troubleshooting, with emphasis on electrical 
safety, infection control, and data acquisition [5]. They should 
also receive added training in the recognition of ictal/interictal 
EEG patterns, artifacts, clinical seizures, seizure related- 
medical emergencies, and QEEG analysis [5]. 


Impact of Neuromonitoring Program on NDTs 


Ideally, ICU cEEG services would be available 24 hours 
per day, 7 days per week. A large obstacle for many programs 
is the evening and weekend availability of NDTs. In a 2013 
study looking at the resources available across pediatric centers 
in the United States and Canada, cEEG electrodes were placed 
by NDTs in 89% of recordings [3]. Only 28% of centers had 
24/7 in-house NDT coverage, 51% always had NDTs available 
but at times only through emergency call-back, and 21% had 
times when NDTs were not available at all [3]. 

Starting a cEEG neuromonitoring unit can have 
a significant impact on NDTs. First, the added volume of 
cEEGs has the potential to significantly increase workload. 
Furthermore, the urgency with which cEEG studies are 
requested to be hooked up may pose additional stress. 
Shifting to a 24/7 operation from a 9-to-5 operation may 
mean changing from daytime hours to shift work, which may 
further add to stress. During the development of institutional 
neuromonitoring guidelines, it is important to set expectations 
on how quickly patients can be hooked up during the daytime 
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Figure 3.2 Example of bedside QEEG display with 3 seconds of raw EEG also displayed (left) in a patient having frequent electrographic seizures. This allows for 
potential identification of electrographic seizures vs. artifact from disconnected electrodes. 


and after hours. A shared understanding between neurology, 
EEG, and ICU may reduce frustration across the team. Planned 
expansion of the number NDTs to ensure adequate coverage is 
essential in preventing NDT burnout. 


EEG Readers 


The ACNS guidelines recommend the cEEG team be super- 
vised by a physician with expertise in ICU cEEG [5]. Reviewing 
practices vary among centers [3]. Some centers rely solely on 
physician cEEG review, while others rely on NDT review prior 
to physician review [3]. Other programs have clinical neuro- 
physiology or epilepsy fellows providing the initial review, 
followed by an attending physician. Continuous EEG studies 
are most commonly reviewed twice per day with results pro- 
vided via written report once per day [3], but verbal reports 
may be conveyed to the ICU more frequently depending on the 
findings. Continuous physician review of cEEG is uncommon, 
but in some centers NDTs perform continuous cEEG review 
[3]. In patients with active seizures, physician review typically 
becomes more frequent. It is important for the ICU team to 
know how often studies will be reviewed, so including expected 
review frequency in the institutional guidelines is recom- 
mended. The impact on cEEG readers also needs to be taken 
into consideration when developing institutional guidelines. 
Specifically, the following questions should be considered: (1) 
Will the readers be able to keep up with the additional cEEG 
volume? (2) Will the cEEG readers be able to review data 
remotely, including with QEEG availability? These very impor- 
tant questions need to be addressed in planning your neuro- 
monitoring unit; these issues may limit the growth of the 
program without adequate support. 
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Information Technology Support 


Strong information technology support (IT) is imperative 
for the long-term success of a cEEG neuromonitoring 
program. Having a designated IT support person for the 
unit is strongly encouraged as technical issues with acqui- 
sition machines, the server, the network, QEEG, and so on 
are inevitable and often require rapid intervention so that 
they do not negatively impact the clinical activities of the 
NDTs working in tandem. 


Importance of Communication within 


the cEEG Neuromonitoring Team 


The process of actually getting a child in need of a cEEG 
hooked up, EEG video data acquired, and then the data 
interpreted is typically quite complicated and requires 
a significant amount of communication and coordination 
among team members. A commonly used paradigm is 
described in Figure 3.3. Depending on the number of steps 
an institution has in its cEEG guidelines, significant delays 
can occur as a result of numerous communications required. 
Institutions should strongly consider streamlining the num- 
ber of communications needed to obtain a cEEG. In addition, 
institutional guidelines can facilitate more streamlined 
communications. 


Conclusion 

Continuous EEG monitoring has become an essential tool in 
the management of children in the ICU. Development of 
a neuromonitoring program takes careful consideration in 
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Pediatric neurology team 


approves (may need to => 


see patient first) and calls 


CEEG physician approves 
and calls NDT (may or may 
not be in house) 


Figure 3.3 Diagram of a commonly used cEEG paradigm illustrating the 
potential for communication complexities. With each added layer of 
required communication, a potential delay in time as well as the potential 


CEEG physician 


» 


ICU calls pediatric 
neurology team & 


Child identified as 
needing a CEEG 


Pediatric 
neurology team 
calls ICU with 
treatment 
recommendations 


Pediatric neurology 
team with results 


regard to institutional cEEG monitoring guidelines and avail- 
able resources. Intensive care unit cEEG neuromonitoring 
programs require specialized equipment and personnel, along 
with substantial institutional infrastructure. Although stan- 
dard practice is intermittent review of continuously acquired 
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Illustrative Case 
Case 1 Pitfalls in aEEG Interpretation 


Key Points 

* Neuromonitoring devices can be divided in to two broad 
categories: monitors of cerebral function and cerebral 
perfusion. 

e Neuromonitoring is a shared responsibility in the ICU with 
several key roles for bedside nursing staff, including the 
identification and reporting of trends. 

» Nursing staff should be familiar with equipment and supplies 
needed for neuromonitoring as well as troubleshooting 
common artifacts and problems. 

* Guideline development and ongoing education are essential 
to the success of any neuromonitoring program. 


Introduction 


Over the past decade, continuous neurophysiological monitor- 
ing has become more common in intensive care units (ICUs). 
For many pediatric patient populations neuromonitoring is 
now the standard of care [1]. Since bedside neuromonitoring 
is frequently applied, maintained, and reviewed by the bedside 
nurse, it is critical that nurses are fully aware of the technical 
aspects of how to use the devices, the rationale for their use and 
the potential benefits of monitoring. 

This chapter provides suggested pathways for integrating 
bedside neuromonitoring into clinical practice and discussion 
of day-to-day nursing roles and responsibilities related to bed- 
side monitoring. Because there is limited published experience 
in nursing roles related to neuromonitoring [2, 3], the recom- 
mendations in this chapter primarily come from the authors' 
experiential knowledge of monitoring trends, equipment, and 
troubleshooting. Adjustments for the needs and resources in 
other settings may be warranted. 


Neuromonitoring at the Bedside 
Types of Monitors 


Bedside brain monitors currently available for use in the ICU 
fall into two broad categories: brain function monitors and 
brain perfusion monitors. 

Brain function monitors utilize the familiar electroence- 
phalography (EEG) technology, but their bedside display relies 
heavily on trending software that allows those not formally 
trained in reading "raw EEG" to quickly assess brain activity. In 
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pediatric patients, brain function monitoring typically is per- 
formed using video continuous EEG (cEEG) recording with 
quantitative EEG (QEEG) trends displayed at the bedside. The 
QEEG algorithms digitally separate the complex EEG sig- 
nal into its more basic components and compress the recorded 
data over time, allowing display of several hours of EEG data 
on a single screen. Although the raw EEG is reviewed in detail 
by a neurologist or neurophysiologist who is usually remote 
from the bedside, the QEEG trends can be viewed by bedside 
caregivers to assess real-time changes in brain activity. See 
Box 4.1 for a list of commonly used QEEG trends. 

The most common EEG trend used at the bedside in the 
neonatal ICU (NICU) is amplitude-integrated EEG (aEEG), 
which may be processed from the full array of electrodes 
used in simultaneous cEEG recording, or may be recorded 
from a reduced number of electrodes typically applied by 
NICU staff instead of EEG technologists [4]. Both aEEG and 
other QEEG trends can be used to assess the presence of 
sleep-wake cycling, to screen for seizures, and to evaluate for 
suppressed or asymmetrical brain activity [5, 6]. It is impor- 
tant to emphasize that while aEEG and QEEG trends do not 
replace the need for a comprehensive review of the cEEG 
recording by a neurologist or neurophysiologist, these trends 
have been shown to be useful for an initial screening or 
periodic review of baseline EEG activity at the bedside, and 
have the benefit of ready availability day or night [7]. For the 
NICU population, aEEG is available both through stand- 
alone monitors and as a display option in conjunction with 
cEEG monitoring. Other QEEG trends (such as 96 suppres- 
sion and CDSA) are similarly available as a bedside display 
option when recording cEEG on many commercially avail- 
able systems. The various commercial monitors all have 
easy-to-use, skin-friendly sensor options available in pedia- 
tric and neonatal sizes. 

For brain perfusion monitoring, the most commonly used 
technology in both pediatric and neonatal ICUs is near- 


Box 4.1 Commonly Used QEEG Trends 


aEEG 

Asymmetry 

96 Suppression 

Inter-burst interval 

Color density spectral array (CDSA/DSA) 
Spectral edge frequency 

Peak envelope amplitude 
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infrared spectroscopy (NIRS). These monitors can be used to 
trend brain perfusion over long periods, evaluate cerebral 
autoregulation, and assess regional oxygen saturation, extrac- 
tion, and utilization during interventions [8-11]. NIRS moni- 
tors are most typically stand-alone monitors and rarely 
integrated within other physiological or neuromonitoring 
devices. 


Roles for Nurses 


There are several essential roles that ICU nurses play in bedside 
brain monitoring (Box 4.2). 

When first introducing neuromonitoring to a unit, 
a stepwise implementation strategy is recommended to ease 
the stress of integrating a new technology into the ICU and to 
facilitate the adoption of new nursing roles. For example, the 
first skills and responsibilities that nurses might assume related 
to bedside brain monitoring might be sensor application, main- 
tenance, and documentation. Then, after a predetermined per- 
iod of weeks or even months, nurse responsibilities might 
expand to include troubleshooting, reporting artifacts, and 
identifying unusual findings. Later phases could include more 
detailed interpretation and classification of normal versus 
abnormal findings. Development of neuromonitoring guide- 
lines that reflect each unit's intended use, availability of support 
personnel and level of expertise is essential to the success of any 
neuromonitoring program. Guidelines should include detailed 
instructions for not only device application but also trouble- 
shooting of equipment issues. As with any practice change, 
real-time support is essential to success. Selection and training 
of nursing champions for each daytime, evening, and weekend 
shift who can aid new users, act as resources, answer questions, 
or listen to concerns will contribute to the program's success 
and facilitate nurses' role acquisition. 


Role #1: Application and Equipment Set-Up 


Equipment Selection 


There is a growing number of options on the market world- 
wide for bedside brain monitors, and prices vary considerably 
depending on the brand and features chosen. To make the best 
choice for an institution, it is important to solicit input from 
the various disciplines and departments that may use, or sup- 
port, these devices in the ICU. 


Box 4.2 Potential Roles for Nurses during 
Neuromonitoring 


Application and Equipment Set-Up 

Sensor Maintenance and Clinical Event Marking 
Recognition of Normal Patterns (aEEG/QEEG) 
Notification of Abnormal Patterns 

Parent Education 

Facilitate Interprofessional Communication 
Documentation of Brain Monitoring in the Patient Record 
Nursing Education 
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Neurology and neurophysiology team members may already 
be using similar devices in other parts of the hospital; compat- 
ibility of equipment and need for additional training with new 
systems may be a consideration. The ICU nursing team will have 
specific needs based on space constraints and compatibilities with 
other devices at the bedside. The ICU and/or neurology team 
may have the need for network integration for remote viewing 
and file storage, along with plans for ongoing or future research. 
Data management workflows and storage solutions should be 
considered as part of the overall strategy. From a purely financial 
point of view, the hospital may have existing purchasing agree- 
ments and service contracts with vendors, and this may make one 
device more competitive over another. Another critical point of 
consideration prior to choosing a bedside brain monitor is the 
ability of the vendor to provide adequate technical and clinical 
support during and after installation of the device. Consideration 
of all these needs will be vital to selecting the best monitors for 
your ICU. 


Procurement of Supplies 


Since there are multiple vendors for monitoring devices, it is 
important to find the right fit for the individual program with 
input from all stakeholders. A request for proposal (RFP) cycle 
is the best way to ensure that the monitors purchased will meet 
the needs of both pediatric and neonatal patients. All RFPs 
should include a wish list indicating essential as well as 
optional features. Speaking with various vendors to under- 
stand their business model and equipment servicing standards 
is an essential part of procurement. Considerations such as the 
ordering of additional sensors or electrodes is best served at the 
beginning of procurement of monitoring devices. 


Storage of Supplies 


Monitoring devices should be kept near the ICU with easy 
access to supplies for overnight and weekend hook-ups. 
Sensors and electrodes should be clearly labeled and kept with 
other monitoring equipment. Since some electrodes are dispo- 
sable and others are not, it is important to have this informa- 
tion posted (ideally on the machine) so that the users are aware. 


Creation of Order Sets and Nursing Protocols 


Local guidelines for monitoring should establish not only how 
to apply sensors but also when and who to monitor. As 
a general rule, neuromonitoring should be considered as 
important as monitoring any other vital sign; it should be 
initiated as quickly as possible after admission or after the 
need has been identified. However, there may be competing 
priorities, and the initiation of brain monitoring may need to 
be delayed until other critical procedures (such as stabilization 
of airway and vascular access) are complete. Similarly, mon- 
itoring may be postponed until after any emergent brain ima- 
ging has occurred. 

Clear guidelines include identification of pediatric and 
neonatal patients eligible for aEEG, QEEG, and/or NIRS by 
diagnosis and/or symptomatology (e.g., a diagnosis of hypoxic- 
ischemic encephalopathy or clinical seizures). Guidelines 
should cover topics such as machine set-up, electrode 


placement, monitoring and charting parameters, and the 
expected frequency of monitoring and charting (e.g., hourly, 
each shift, or daily). A quick reference chart for interpretation 
of tracings is often helpful and can be posted at the bedside and 
throughout the unit in easily accessed areas. Troubleshooting 
machine-specific issues is also an essential element of protocols 
and ongoing training. Where possible, an online learning mod- 
ule is very helpful, with examples of various tracings and appli- 
cation troubleshooting. Finally, guidelines should also include 
a section on when discontinuation of monitoring is appropriate, 
and/or when escalation from trend-only monitoring (i.e., aEEG) 
to continuous video-EEG is appropriate (Figure 4.1). 


Sensor Selection and Application 


When training a team on sensor application, it is helpful to 
choose initially only a small group of users so that they can 
master the skill more quickly, while keeping in mind the equal 
importance of training at least some staff from all shifts so 
that someone trained is available at all times. Bedside nurses 
are the obvious choice for training to apply neuromonitoring 
sensors since they are at the patient bedside 24 hours a day 
[3]. However, when admitting or caring for a critically ill 
patient there are often many competing urgent priorities 
and, depending on the type of sensors used, application may 
be time consuming. In such cases, it may be beneficial to 
assign the time-sensitive task of initiating neuromonitoring 
to support personnel instead of the bedside nurse. Thus, to 
ensure that brain monitoring can begin quickly at any 
time, day or night, training should include additional person- 
nel, such as the charge nurses, transport nurses, physicians, 
nurse practitioners (NPs), EEG technologists, and respiratory 
therapists (RTs). In general, any nursing and allied health 
professionals such as NPs and RTs and physicians could be 
responsible for setting up bedside aEEG and NIRS. Other 
bedside QEEG trends are typically started by trained EEG 
technologists in conjunction with the initiation of continuous 
EEG, due to the complexity of the monitoring system and 
placement of multiple electrodes for both neonatal and pedia- 
tric montages. 

Various types of sensors are available. Selection for use 
within an ICU and for an individual patient should be based 
on availability of trained staff, expected length of monitoring, 
how quickly the sensors need to be placed, and other clinical 
factors, such as the patient’s skin condition, patient age, and the 
acuity of the patient [12]. There are several types of electrodes 
available for aEEG/cEEG monitors; a list of pros and cons for 
each can be found in Table 4.1. NIRS monitoring usually offers 
two sizes of sensors, one for neonatal/pediatric patients (<40 kg) 
and a larger option for pediatric/adult patients (>40 kg). 

Regardless of what kind of sensor is used, there are some 
basic steps that are required for every application procedure. 
See Box 4.3 for steps. 

An important consideration when choosing a type of 
sensor is whether or not the patient is likely to need MRI 
or CT in the near future, in which case the use of commer- 
cially available MRI- and CT-compatible sensors for cEEG/ 
QEEG can be used. MRI- and CT-compatible electrodes are 
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Box 4.3 Steps for Sensor Application 


1. Select sensor. 

2. Determine location(s). 

Disinfect, exfoliate, or cleanse the skin (based on sensor 
type and gestational age). 

Apply or insert sensor. 

Secure using skin-friendly adhesives or elastic bandage. 
Ensure quality signal and low impedance. 

7. Begin monitoring. 


ON Wi gm 


TIP: When applying NIRS sensors to extremely premature 
infants, a transparent dressing can be applied to the skin 
before applying the NIRS sensor without risk of diminished 
signal quality. 


now available for both pediatric and neonatal patients and 
are used as the standard of practice in many institutions. 


Collaboration with Technologist for Patient Positioning and 
Transport Considerations 


In the intensive care setting, monitoring may need to be inter- 
rupted for various reasons, such as procedures or neuroima- 
ging. If this is anticipated before monitoring is started, it 
should be communicated and considered prior to initiation 
of monitoring, because it may affect choice of monitor, choice 
of electrode, and/or timing of application. Meticulous atten- 
tion to patient repositioning is essential during neuromonitor- 
ing to reduce the risk of pressure sores and skin breakdown. 


Role #2: Sensor Maintenance and Clinical Event 
Marking 


Once the sensors are applied, the bedside nurse will assume the 
primary responsibility for ongoing management of the device, 
as well as the sensors (Figure 4.2). 

Care guidelines should address the frequency of assessment 
for: 


1. Sensor position: Dislodged or poorly positioned sensors 
will lead to erroneous readings. Frequent reassessment of 
sensor location is required. Hydrogel sensors can migrate 
during patient repositioning. If sensors are not placed 
appropriately, artifact may cause misinterpretation of the 
data. During neuromonitoring, electrodes may need to be 
removed briefly for procedures like cranial ultrasound. 
Brief removal of one or two electrodes during the use of 
a full montage will often not affect the overall recording, 
and whether recording can continue with temporary 
electrode removal should be discussed with the EEG 
technologist. NIRS sensors are placed over the forehead for 
cerebral oxygen saturation and over the flank for somatic 
oxygen saturation and do not often interfere with 
procedures or imaging. 

2. Sensor symmetry: Proper placement of electrodes 
symmetrically and equal distance apart often requires 
measurement with a specialized measuring tape. Symmetry 
of electrodes in the central and parietal head regions 
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STOP: ENSURE ASSESSMENT OF ALL ASPECTS PRIOR TO PROVIDING ANTICONVULSANT MEDICATIONS 
aEEG Routine Assessment and DURING SEIZURE ACTIVITY 


1. CHECK IMPEDANCE (quality of electrode contact). Is the impedance line flat between 0 and 5 uV? 


2. ARE ALL SCALP LEADS WELL CONNECTED? 
Abrupt changes in the absence of clinical concerns may represent lead 
disconnection. 


3. CHECK FOR ARTIFACT OR OTHER CONDITIONS THAT CAN INFLUENCE THE aEEG TRACING? 
a. Is the live aEEG wave the same frequency as the heart rate (ECG tracing), HFO, or breathing? 
If so and if there are no clinical manifestations of seizures (i.e., abnormal movements. change in heart rate, breathing, 
blood pressure, oxygen saturations), the changes on aEEG may represent artifact rather than seizures. 
Potential causes of an elevated background voltage: ECG tracing, muscle activity, HFO, gasp artifact, interventions 
resulting in repetitive movements (i.e., patting) 
Potential causes of a depressed background voltage: scalp edema, leads too close together, sedation 


4. EXAMINE THE TRACING OVER A PERIOD OF TIME 
If there are suspected seizures, ensure to assess the tracing prior to the onset of seizures. If there is an unexplained abrupt 
change in the tracing without clinical seizures, assess for artifact or lead disconnection. 
Do the lower and upper margins seem to flow in parallel? 
Is the lower margin above 5 uV? 
Is the upper margin above 10 uV? 
Is their regular widening and narrowing of the trace within the above margins (Sleep Wake Cycling, SWC)? 


Normal trace (continuous with cycling) 

e Upper margin > 10 u Volts 

e Lower margin < 5 uVolts 

e Widening and narrowing of the trace [sleep wake cycling (SWC)] 


Moderately abnormal trace (discontinuous pattern) 
No evidence of sleep/wake cycling 
Upper margin > 10 u Volts 
Lower margin < 5 u Volts 
Increased variability (trace is broad) 


Severely abnormal (inactive, flat trace) 

e May be accompanied with brief bursts of higher voltage (burst suppression) 
e  Noevidence of sleep/wake cycling 

e Upper margin < 10 u Volts 

e Greatly reduced variability 


Seizures 

*  Seizure onset shows continuous high activity 

* Causes tracing to narrow and rise up 

* Frequent and prolonged periods of elevation in both the lower and £e 7» EX ye 

upper margins that coincide with an EEG repetitive rhythmic pattern. t 
Seizure activity 

with normal 
background 


Figure 4.1 aEEG assessment tool, courtesy The Hospital for Sick Children. 
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Table 4.1 Advantages and disadvantages of EEG electrode types 


Electrode type 


Subdermal 
needles 


Hydrogel 
("Peel & Stick") 


Reusable cups/ 
discs 


Disposable 
cups/discs 


Advantage 


Quick application 
Stable, low impedance 
Low maintenance for staff 


Gentle adhesive 
Noninvasive 


Less waste 
Compatible across most devices 


Inexpensive 
Compatible across most devices 


Figure 4.2 (a) Measuring guides for sensor placement. 


10-20 system, modified for neonates 
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Disadvantage 


Invasive 
Risk for needle-stick injury 


Skin preparation can be time consuming and may cause minor excoriation. 
aintenance required 


Skin preparation can be time consuming and may cause minor excoriation. 
Higher cost 

Reprocessing costs 

Restocking system required 


Skin preparation can be time consuming and may cause minor excoriation. 
Risk for pressure injury with long-term use 


ensures that the tracing is reliable and in the most sensitive 


areas for seizure detection. Generally, the measurements 
are half the distance between the tragus of the ear and the 
central point on the top of the skull for aEEG. Specialized 


in electrode distance during application. Measuring and 


a trained EEG technologist. 
Future Directions: As the demand for continuous brain 
monitoring has increased, products such as premeasured 


sizes to simplify electrode application and decrease 
variability in positioning between users. These tools may 
allow bedside providers to apply more complex electrode 


arrays in the future without requiring an EEG technologist. 


3. Signal quality and skin impedance: Some EEG monitors 
have automated systems to evaluate signal quality and 


Figure 4.2 (b) 10-20 electrode montage. 
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Inion 


Dual channel (C3->P3, C4>P4) 


measuring tapes may be used to help improve consistency 


application techniques are more complex for CEEG/QEEG 
electrode placement and therefore are typically applied by 


electrode caps have been developed in pediatric and neonatal 
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impedance. Signal impedance is normally shown in 

a separate display and ideally should be less than 5 kQ, not 
exceeding 10 kO. The closer the impedance is to zero, the 
better the quality of the signal will be. NIRS monitors use 
built-in alarms to alert the user of poor signal quality. 

4. Skin integrity: Assess for redness or any sign of breakdown 
around sensors at regular intervals during monitoring, 
usually every 3-4 hours. If redness occurs, remove the leads 
and replace them close to their previous location. In rare 
instances, brain monitoring may need to be modified or 
even discontinued in order to provide the scalp with rest 
before monitoring can be resumed. 


Clinical Event Marking on Brain Monitors 


Routine clinical interventions can have a significant impact on 
brain function and brain perfusion. Unfortunately, bedside 
brain monitors do not interface directly with the patient's 
electronic medical record, so significant "clinical events" such 
as seizure-like movements, changes in vital signs, and medica- 
tion administration are not automatically marked in the brain 
monitor recordings. The notation of these clinical events and 
interventions are of extreme value when interpreting 
a recording; this requires manual addition of comments and 
notations during relevant events at the bedside. When event 
marking it performed through the recording device, efficient 
notations may be made through device-specific features. These 
may include event-notation push buttons, predefined event 
keys, free text keyboard entry of comments in real time, or 
voice marking via microphone. Many systems allow users to 
create for each unit or even each patient a customized, high- 
priority list of events that can be easily accessed from the main 
recording screen of the device. 

Some of the significant events that should be marked dur- 
ing bedside brain monitoring include: 


e Changes in vital signs, such as apnea/bradycardia or sudden 
elevations in heart rate and blood pressure, which may 
signify subclinical seizures 

* Changes in ventilation methods, especially from convention 
to high frequency, which may create artifact that falsely 
elevates the aEEG background trend 

e Medications, especially those that may affect the brain, 
specifically sedation and anti-epileptic medications 

» Any clinical observations of seizures, or seizure-like 
behaviors, such as staring, arching, eye deviations, rhythmic 
jerking of limb(s), lip smacking, tongue thrusting 

» Hands-on care, patting, rocking, and repositioning the infant 
should be noted, because it creates artifacts on the tracing 
that may be mistaken for seizure 

» Any time the sensors are manipulated, replaced, or repaired 

e For NIRS: Escalation or changes in vasopressor support and 
blood transfusion should be noted 


Just as event marking is crucial for interpretation of record- 
ings, optimization of accompanying video recordings can be 
very helpful. Bedside nurses should periodically assess camera 
position and adjust camera angles if the patient is no longer 
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visible on camera. Whenever possible within the limits of 
clinical care, patients undergoing recordings with video should 
not be covered with a blanket or bundled in order to preserve 
visualization of any clinical events captured. 


Role #3: Recognition of Normal Patterns (aEEG/ 
QEEG) 


Depending on the neuromonitoring device in use, data may be 
available for review within minutes of application. In other situa- 
tions, it may require an hour or more to establish a baseline trend. 
In order to quickly recognize issues and report potential pro- 
blems, bedside nurses must be knowledgeable of the expected and 
normal patterns, values, and readings. A brief summary of nor- 
mal values is included below and discussed further in Chapter 5. 


aEEG 


In order to classify normal and abnormal aEEG patterns, 
voltage normative values have been established. As way of 
a very brief overview, there are five basic aEEG patterns typi- 
cally displayed in neonates (Figure 4.3) [5]. 

Hellstrom-Westas [6] has provided guidelines for normal 
aEEG patterns in both term and preterm infants. Term infants 
(greater than 36 weeks) should have continuous aEEG patterns, 
premature infants (less than 36 weeks) will typically have dis- 
continuous patterns and extremely premature infants (less than 
29 weeks) often exhibit an extremely discontinuous pattern 
resembling bust suppression. Low-voltage and isoelectric (or 
flat) patterns are considered pathological regardless of gesta- 
tional age and can be highly predictive of significant brain injury 
and poor long-term outcomes. Of note, the voltages used in this 
system and listed in Figure 4.3 all refer to cross-cerebral aEEG 
(with electrodes at P3-P4). An aEEG using electrodes in other 
locations (such as hemispheric aEEG) will have different result- 
ing voltages that cannot be classified using this system. 

Premature infant considerations: Extremely premature 
infants (less than 29 weeks) may exhibit an aEEG pattern that 
resembles "burst suppression" but will possess more variability 
of the lower margin than a true burst suppression pattern. In 
this case, the aEEG pattern is considered as expected or normal 
for age, although a similar pattern in a term infant would be 
considered severely abnormal [6]. 


QEEG 


Many QEEG trends are available and vary in usefulness with 
age. Trends such as inter-burst interval are useful in premature 
infants [6], whereas trends such as density spectral array (DSA) 
are useful in pediatric patients [7]. It is important to remember 
that EEG background patterns change with age; as a general 
rule, the older the patient, the more continuous the EEG back- 
ground pattern should be. Discontinuous EEG activity can 
manifest when the brain has been injured or influenced by 
medications, such as sedatives or some anti-epileptics. 
A careful review of the patient's recent medication administra- 
tion record will be helpful in determining if a lack of contin- 
uous EEG activity is due to injury or is an expected side effect 
of a medication (Figure 4.4). 
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BACKGROUND PATTERNS 
A characteristic aEEG/CFM is shown on the left, and a schematic view is shown on the right. 


Continuous Normal Voltage (CNV) 
the thickest part of majority of the tracing has an upper margin >10 pV, and a lower margin >5 pV 
8 


Discontinuous Normal Voltage (DNV) 
the thickest part of majority of the tracing has an upper margin >10 pV, and a lower margin <5 pV 


Burst-Suppression (BS) 


a narrow band sits <5 pV with minimal variability, with spikes >25 uV sitting atop the band 


TTL | Ill 


Continuous Low Voltage (CLV) 
the thickest part of majority of the tracing has an upper margin «10 uV, and a lower margin <5 pV 
2 


Flat Trace (FT) 


a narrow band sits <5 V with no variability, with only occasional spikes that are <25 pV 


0 SS SES SO 


Figure 4.3 Classification of aEEG background patterns. Courtesy of the Hospital for Sick Children. 


Sleep 


Sleep is an important feature of a healthy brain and can be 
identified with relative ease on bedside aEEG and QEEG trends. 
Generally, the background pattern of EEG will slow during 
sleep. In newborns, the background may become less continu- 
ous. Sleep spindles are a distinct feature seen on pediatric EEG 
and develop around 2 months of age. Neonatal patients begin to 
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develop sleep-wake cycling patterns around 32 weeks’ gestation. 
Although not well defined initially, this feature can be seen 
emerging in the aEEG trend in healthy preterm neonates with 
increasing conceptional age. Sleep-wake cycling becomes more 
obvious and regular as the neonate reaches term-equivalent age. 
The aEEG trend has a characteristic alternating “thin-thick” 
pattern as sleep-wake cycling matures (Figure 4.5). 
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Patient: Patient 2 TBI - Scalp CN S 


Licox Oct 20 15:43 


Figure 4.4 Multimodal QEEG trend with physiological monitoring display. Image Courtesy of Moberg ICU Solutions. 


Steps to aEEG Interpretation 

Question and Analysis Illustration 
Ensure that areas of the trace being read 
have a white background to them (not 
yellow or red that show marginal to poor 
impedance). 


Examine the aEEG strip as a whole. 


* [sita gentle wave? YES ‘ cue $ 

* Do the lower and upper margins seem — — 
to flow in parallel? YES 

* Is the lower margin above 5 pV? YES 

* Is the upper margin above 10 pV? YES 

* Istheir regular widening & narrowing Normal trace (CNV); Upper margin is > 10 pV & lower 
of the trace, within the above margins margin is > 5 pV. The widening and narrowing of the trace 
(Sleep Wake Cycling) YES implies periods of wakening and sleep i.e. sleep wake cycling 

(SWS). 


This is classified as a normal or Continuous 
Normal Voltage (CNV) pattern and in most 
cases is a good prognostic sign. Early return 
of SWS after hypoxic-ischemic insult is also a 
good prognostic sign. 


Figure 4.5 Steps to identify sleep wake cycling. 
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Symmetry 

It is important for bedside nursing staff to recognize asymme- 
trical patterns, and if they are persistent, to ensure that leads 
are appropriately placed. Asymmetry is common in newborn 
infants who have had prolonged delivery and is often related to 
scalp molding, which resolves over time. Asymmetry could 
also be an indication of a focal brain lesion, such as stroke. 
Many cEEG monitors display a trend of asymmetry. 
Asymmetry is displayed as a linear graph derived from 
a calculation of average amplitude between right and left cere- 
bral hemispheres. The midpoint of the line graph is zero, which 
represents no difference in brain activity between hemispheres. 
If the line trends up or down, then this indicates that an 
asymmetry in brain activity exists in the direction identified 
by the monitor. When combined with other QEEG trends and 
a review of the raw EEG, this QEEG feature of may assist in the 
timely recognition of a new or evolving focal injury. 


NIRS 


Normal values for cerebral regional tissue saturation, 
expressed as rSQ,, range in neonates from 66% to 86%, 
depending on conceptional age. The critical levels for cerebral 
saturations are those sustained at less than 40% [10]. In pedia- 
tric patients, the generally normal range is 60%-80%, with less 
than 50% representing a critically low reading. 

See Table 4.2 for normal values of cerebral saturations for 
pediatric, term, and preterm infants. 


Role #4: Notification of Abnormal Patterns 


Reporting Abnormal Findings 


Electroencephalogram trends such as aEEG and CDSA (also 
sometimes called CSA or DSA) were developed to facilitate 
interpretation of prolonged EEG recordings by neurologists 
and neurophysiologists, but have become especially useful in 
the identification of abnormal background patterns and poten- 
tial seizures by bedside care providers without formal training 
in EEG [7]. During bedside neuromonitoring, several situa- 
tions warrant bedside nurses bringing changes to the attention 
of the ICU medical team [2, 5] or other available on-unit 

resources as appropriate (Figures 4.6 and 4.7). 

1. Elevated impedance (>10 kQ) can have several causes and 
can make interpreting the aEEG pattern nearly impossible. 
The two most common reasons for elevated impedance are 
the electrode adhesive drying out and the electrodes 
becoming dislodged from the skin. If adhesive has dried, 
sparing hydration may resolve the problem. If electrodes 


Table 4.2 Normal NIRS values [9,13] 


Cerebral saturation range 


Term infants 70%-86% 
Preterm infants 66%-83% 
Pediatric 60%-80% («2096 from baseline) 
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are dislodged, they should be replaced. If the impedance is 
high at the onset of monitoring, it is likely due to 
inadequate skin preparation. In those cases, the skin 
preparation procedure should be repeated until acceptable 
impedance is achieved. Another cause for elevated 
impedance is scalp edema; this is important to recognize 
because in this case additional skin preparation will not 
reduce the impedance values. In situations when the 
bedside nurse is unable to troubleshoot or resolve 
unacceptable impedance issues, the high impedance should 
be reported to the medical team, and a decision made 
whether to discontinue monitoring or suspend monitoring 
until resources are available to resume monitoring with 
acceptable impedances. 


. Abnormal aEEG background pattern or any pattern that 


is unexpected or inconsistent with the patient's age and 
state should be brought to the attention of the medical 
team. Examples of abnormal background patterns include: 
reduced upper margin voltage on the aEEG band « 10 
microvolts, sustained drift in the lower margin of the aEEG 
band below 5 microvolts in term infants, a lack of sleep- 
wake cycling in infants » 35 weeks conceptional age, and 
lack of symmetry between cerebral hemispheres. 


. A sudden change in the aEEG or CDSA band that is not 


explained by patting or other bedside patient manipulation 
should be reported to the medical team as soon as it is 
identified, as this type of pattern may be suspicious for 
seizures. On aEEG, a suspicious pattern for seizures 
consists of a sudden rise in the upper and lower margins as 
well as narrowing of the activity band. In older patients 
undergoing cEEG, QEEG trends such as CDSA may 
provide an early indicator of the presence of a subclinical 
seizure in a sedated or paralyzed patient. A classical 
representation of seizure on CDSA would include both 
a sudden upward arch on the y-axis of the displayed band 
(caused by an increase in the patient's EEG amplitude and 
frequency) along with a change in the band to warmer 
colors (red) (which represents increased EEG power). 
Although nurses can review the raw EEG recording to 
look for potential artifacts, the medical team should be 
notified of areas suspicious for seizures on the aEEG/ 
QEEG and a timely review should be completed to 
determine whether additional monitoring or 
consultation is warranted or whether the treatment plan 
needs to be modified. Several seizure-detection 
algorithms are now commercially available and can aid in 
the identification of areas that are highly suspicious for 
seizures and that warrant additional review by the 
medical team. 


. Artifacts are common in the ICU and can significantly 


interfere with the recording, making interpretation of the 
background pattern and identification of seizures nearly 
impossible. The most prevalent artifacts include: 
movement artifact (e.g., patient handling during cares, 
patting and rocking an infant after feedings); 
electromyogram (EMG) or muscle artifacts (e.g., eye 
movement, sucking, crying); high-frequency ventilation; 
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DSA trend display. Image Courtesy of Moberg ICU Solutions. 


electrocardiogram (ECG); and electrical noise in the neurophysiology team if they are identified by bedside 
environment from ventilators and IV pumps. Frequent clinicians (Figure 4.8): 

review for these common artifacts can facilitate quick 
identification and allow early corrective action to minimize 
their presence whenever possible. 


1. Loss of connection. Normally cEEG/QEEG is connected to 
the hospital network for remote review by 
a neurophysiologist. If there are network issues causing a loss 


While cEEG and associated trends are typically of bedside display or indicators that network connectivity is 
reviewed remotely by a neurophysiologist and/or EEG interrupted, this should be reported immediately to the 
technologist, review is most often done periodically, not information technology staff available. Similarly, there are 
in real time, and with less frequency overnight. Real-time, instances of monitoring failure due to interruption of the 
continuous review of CEEG/QEEG or aEEG trends by neu- power source (e.g., due to cables accidentally dislodged or 
rophysiologists or technologists is rare in current practice. failure to switch from battery to outlet power after patient 
Therefore, in addition to the above findings that should transfer). In these cases, quick recognition at the bedside and 
prompt an alert to the ICU team, there are important notification of the ICU and neurophysiology teams can allow 
findings that should be reported to the ICU medical and recording to resume promptly. 
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Oxygen Delivery and Supply to the d 7 
Bah is Influenced by: O; Delivery Rises 
Oxygen content in the blood or 

Cardiac output 
Oxygen Demand and Consumption is 
Increased by: 
- Fever, shivering 
Pain 
Seizures, status epilepticus 
Severe infection 
Wounds and burns 


O, Demand Falls 


Oxygen Demand and Consumption is 
Decreased by: 
Hypothermia, without shivering 
Sedation and paralysis 
Sleep 


2. Clinical seizures. These should be reported immediately 
to the ICU team and consulting neurology team and 
marked on the tracing at the time witnessed. The events 
can then easily be correlated with the EEG tracing and 
video recording through remote review by the 
neurophysiologist to confirm they are seizures or clarify 
if they are seizure mimics. 


For NIRS, there are similar situations that should be of concern 
to bedside caregivers [8, 11, 13, 14]. 


1. Loss of signal quality or connection. Possible causes of 
poor signal quality may include the patient’s position, 
lack of adhesion between the skin and the sensors, 
excessive ambient light, especially from phototherapy, or 
excessive humidity in the microenvironment. Nurses 
should work to resolve this situation as quickly as 
possible by examining the sensor and skin integrity, 
applying gentle pressure, ensuring quality connection 
between the sensor cable and the device, or by changing 
the NIRS monitor itself if the sensors appear to be well 
applied. If unable to correct the issue, the nurse should 
notify the medical team to decide if monitoring can be 
suspended until other resources are available to 
troubleshoot the signal quality or discontinue 
monitoring based on the infant’s condition. 

2. A change of 10%-15% above or below the infant’s baseline 
NIRS trend is significant and should be reported to the 
medical team. 

3. Cerebral saturation <50%. A small number of studies 
have shown the risk for brain injury is increased when 
cerebral saturations are sustained at less than 40%. By 
using 50% as a cutoff, there will be time to notify the 
medical team and take corrective action before 
reaching the point where the potential for injury is 
increased. 

Nursing policies and clinical guidelines should outline which 
aEEG, QEEG, and NIRS findings should be reported to the 
medical team, who should be notified, and how quickly. Unless 
otherwise arranged, the ICU medical team will determine when 
the neurology or neurophysiology teams will be consulted based 
on the findings from bedside brain monitoring devices; this 
consultation is typically not the responsibility of the bedside 
nurse. 
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Figure 4.8 Bedside NIRS troubleshooting guide, courtesy 
of The Hospital for Sick Children. 
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Role #5: Parent Education 


While parent education is a shared responsibility, bedside 
nurses frequently explain and reassure parents about devices 
in use at the bedside. Brain monitoring devices can cause 
additional stress and anxiety for some families. Thorough 
and consistent education along with well-written materials 
can help to minimize stress and maximize parental under- 
standing of the need for brain monitoring. Parent education 
can be accomplished any number of ways and might include 
a pamphlet or information on an ICU website. During the 
creation of such educational materials, parental input helps 
ensure that information is clear and meaningful. 

Components of parent education should at a minimum 
address the following common questions: why the device is 
in use, whether it causes pain, can they hold their baby, how 
often it is read, who is reading it, what value it provides to the 
care of their baby, and how long will it stay on. 


Role #6: Facilitate Interprofessional 
Communication 


The information gathered by neuromonitoring devices can help 
bedside clinicians manage the daily needs of a patient, or it may 
help to identify and justify the need for urgent consultations, 
additional neuroimaging, and other types of evaluations or ther- 
apeutic interventions. Daily rounding, discussion, and collabora- 
tion between nursing, intensivists, and neurologists regarding 
neuromonitoring is ideal and has become the standard in many 
ICUs [1, 5, 9, 15, 16]. Part of the patient care discussion should 
focus on the need to continue brain monitoring and the clinical 
value it will offer if continued. It is important that these discus- 
sions happen daily in order to maximize the use of the equipment, 
minimize strain on bedside resources, and contain patient costs. 
As in all areas of patient care, the nurse can facilitate clear com- 
munication, both by providing details of the bedside perspective 
and in helping to identify any gaps in communication observed. 


Role #7: Documentation of Brain Monitoring 
in the Patient Record 


At a minimum, nurses should document in the patient's med- 
ical record the type of brain monitors in use and record patient 
values at specified intervals (e.g., every 3 hours). To meet the 
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individual needs of each unit, documentation may be in the 

electronic medical record or recorded on a paper flowsheet. 
Customized fields for documenting about the patient 

experience with a bedside brain monitor could include: 

* Monitor type in use 

» Sensor type, location, and number 

e Displayed values or patterns from the device 


© For aEEG: 


Upper and lower margin of aEEG (either numerical 
values or categorical normal/abnormal) 

Sleep-wake cycling on aEEG (present or absent) 
Suspected seizures on aEEG (noting if present, the 
times identified) 

Suspected artifacts on aEEG (noting if present, the 
times identified) 


Impedance and interventions to improve when >10 
kQ 


9 For cEEG/QEEG 


Abnormal background changes, including: 


Asymmetry 

Sustained periods of suppressed background (96 
suppression) 

Presence or absence of seizures 

Impedance 


O For NIRS: 


Baseline or average values for each site (when 
available) 

Current values for each site monitored 
Signal quality 


e Adjustments or changes made to sensors 

e Skin condition, during monitoring and upon removal of 
sensors 

e Any network or other IT issues 

e Notifications made to the medical team 


Role #8: Nursing Education 


It is essential that nurses have adequate initial and ongoing 
education on the rationale for, proper use of, and troubleshoot- 
ing with bedside brain monitoring. In-person education and 
conferences are ideal. Online courses may offer an alternative 
with more flexibility. Online, digital, and print materials with 
well-designed content and self-assessments can offer initial 
and ongoing education with maximal flexibility [2, 3]. 

Training materials and courses can be developed by the 
individual ICUs or are available through various individuals or 
groups. Training should include both the underlying principles 
of brain monitoring and also offer practical case examples with 
illustrative images from commonly used devices (Box 4.4) 
[3, 12]. 
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Box 4.4 Nursing Education Curriculum 


Clinical utility of brain monitoring and predictive value 

Normal values and trend patterns 

Age-dependent variations 

Unit-specific protocols or guidelines - including whom to 

monitor, when to monitor, and how long to monitor 

5. Case studies to practice classification of presented 
patterns and values 

6. Scenarios of when to notify the medical team or on-unit 
resource team 

7. How to apply and troubleshoot sensors and devices 

8. Parent education examples and role-play 


SES [5 c 


Quality Improvement 


Quality improvement (QI) is the process of examining the gap 
between the ideal practice and reality in order to find ways to 
make the care itself or the delivery system better [17]. When 
implementing a new practice, like bedside brain monitoring, 
there are opportunities to establish a vision of what the ideal 
practice could look like for an ICU. As implementation moves 
forward, the QI team can periodically check in with how the 
practice is actually going and make adjustments that will move 
the unit closer toward its goals. 

For example, if a unit purchased a bedside aEEG moni- 
tor, quality measures to follow might include: frequency of 
use per month, variance of use from established protocol, 
identification of any patients who should have been mon- 
itored but were not, the time needed to place sensors, 
incidence of skin issues, and the impact monitoring had 
on the number of consults or ordering of additional tests. 
By evaluating actual practice, a unit can either expand 
practice if the implementation is going well, or take 
a step back and refine the practice if the team has not 
yet met goals or identifies system issues. 


Summary 


1. Bedside brain monitors can evaluate brain function or 
brain perfusion. 

2. aEEG, QEEG, and NIRS are the most common bedside 
brain-monitoring modalities in the ICU. 

3. Nurses can have many roles related to bedside brain 
monitors. Their primary responsibilities typically include 
proper application of skin sensors, maintaining a quality 
signal to ensure a readable recording, and notifying the 
medical team of any unexpected values or trends. 

4. Everyday interventions and medications can have 
a significant effect on brain function and brain perfusion. 

5. Parent education on the use of bedside brain monitors will 
help to alleviate stress and improve understanding of its 
importance. 

6. Bedside brain monitoring is a new practice for many ICUs 
and offers quality improvement opportunities. 


Conclusion 


In the ICU, it is standard of care to initiate monitoring of the 
patient’s respiratory rate, heart rate, oxygen saturations, tem- 
perature, and blood pressure both invasively and noninva- 
sively. Bedside brain monitors, such as aEEG and NIRS, are 
noninvasive bedside tools that expand our assessment cap- 
abilities in real time and have the advantage of being started 
by ICU staff at any time. These monitors should be consid- 
ered primary screening or trending tools that complement 
gold-standard assessments such as conventional cEEG and 
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The future of bedside brain monitoring is bright due 
to increasing interest and use, with an abundance of 
ongoing research. Bedside brain monitors can guide nur- 
sing care and provide a deeper understanding of the real- 
time impact of common bedside procedures, medication, 
and interventions on cerebral function and perfusion. 

Defining and dividing the responsibilities related to brain 
monitoring and offering thorough and ongoing education for 
all members of the ICU team create an environment in which 
this new technology can be accepted into everyday practice 
with minimal difficulties. 


imaging. 
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and Artifacts 


Key Points 

e Recognizing a normal recording is the first, but not the 
simplest, step of EEG analysis. 

e Normal EEG patterns evolve in a predictable, age-dependent 
manner. 


e Clinicians should recognize common artifacts on EEG that 
may mimic seizures or other abnormalities. 


Introduction 


Continuous electroencephalography (EEG) is used in the 
intensive care unit (ICU) to answer specific questions: are 
there any markers of brain injury? Are there seizures? 
How is brain function changing over time? Clinicians 
are challenged to recognize abnormalities and distinguish 
them from normal findings and artifacts. To do this, we 
advise simultaneously using bedside display of quantita- 
tive EEG (QEEG) (at least two and up to eight channels) 
interpreted by the ICU provider, at the same time as 
conventional EEG (cEEG) is recorded and interpreted by 
the neurophysiology team [1, 2]. While QEEG interpreta- 
tion requires training and experience, this combined 
approach has the benefit of providing real-time neurophy- 
siological data in the form of QEEG that is accessible 24/7 
to the ICU team. At the same time, cEEG is available for 
detailed review by the neurophysiologist to confirm any 
possible abnormalities identified on QEEG and to look for 
features not seen on QEEG. This joint approach can 
improve the speed and accuracy of analysis of neonatal 
and pediatric EEG in the ICU (3, 4]. 

This chapter provides a guide for practitioners review- 
ing neonatal and pediatric EEG to help recognize normal 
tracings. While a comprehensive discussion of all normal 
variants is beyond the scope of this chapter, recognition of 
expected normal features and common artifacts makes the 
identification of disease-specific abnormalities much 
easier. 


The Approach to EEG and QEEG Analysis 


The approach detailed below describes identification of nor- 
mal EEG in neonates and children using full-array continuous 
EEG. These principles may also apply to identifying normal 
features in reduced-array, source (or “raw”) EEG recordings 
used to derive QEEG. 
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Contextual Information 

Before reviewing a tracing, the following information is required: 

* Chronological age and, for newborns, conceptional age (CA) 

* Drugs received before and during the EEG, specifically 
sedative and anticonvulsive medications 

* Body temperature (whether hypothermic or normal) 

e Events that occurred immediately before and during the 
EEG, ideally directly noted on the tracing: suspected seizures, 
nursing cares, etc. 


Any analysis should start by first checking that the technical 
quality of the recording is sufficient for reliable analysis. Any 
documentation of recording interpretation should state 
whether there were limitations in recording quality as well as 
the technical and behavioral conditions of recording (alertness, 
agitation, number and location of electrodes, duration of the 
recording, etc.). 


Methodology 


From term-equivalent age onward, normal EEG is character- 
ized by background activity with continuous and symmetric 
waveforms that vary with time, according to sleep or wake 
state. The two main pitfalls in identifying normal neonatal 
and pediatric EEGs are recognizing background activity that 
is normal for age and distinguishing physiological patterns or 
artifacts from epileptiform activity. 

A systematic approach can be helpful in determining 
whether EEG is normal. The following questions should be 
successively checked (Figure 5.1): 

1. Global analysis of background activity: Is the background 
continuous? Is the amplitude normal for age? Is the 
background symmetrical? Is the background normally 
reactive and variable? 

2. Are appropriate physiological features for age recognizable? 

3. Analysis for abnormal features: Are there sharp waves, 
epileptiform discharges, and/or other superimposed 
abnormalities? Are there seizures or seizure mimics? 


Global Analysis of Background Activity 


Is the Background Continuous? 

A continuous tracing displays activity without any interrup- 
tion. Activity that falls below normal amplitude for age is an 
interruption, and is sometimes described as the “inter-burst 
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Figure 5.1 Suggested approach to analyzing EEG. 
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interval” (IBI). Normal amplitudes vary by age. In a neonate, 
continuous activity is defined as always having peak-to-peak 
amplitude above 25 uV. A neonatal tracing is discontinuous if 
activity is frequently interrupted by periods of peak-to-peak 
amplitude below 25 uV lasting longer than 2 seconds. The 
degree of discontinuity is usually quantified by the typical or 
most prevalent duration of the IBI. The presence of IBIs is 
normal in preterm infants (such as in the pattern called “tracé 
discontinu"), with expected IBI duration varying with concep- 
tional age and behavioral state (see below). In older infants and 
children, the background should always be continuous, 
although normal continuous activity in older children may 
have amplitudes as low as 10 uV. 

Discontinuity can be provoked by anesthetics, sedatives, or 
by very low body temperature (x32?C) [4]. Therefore, before 
concluding that a discontinuous EEG reflects brain abnorm- 
ality, it is essential to confirm the conceptional age in neonates 
and assess for drug exposure and body temperature in all 
patients. 

Amplitude-integrated EEG (aEEG) is the most common 
type of QEEG used to assess background continuity, typically 
in newborns. See Chapter 2 for details on the acquisition of 
aEEG. In brief, aEEG displays the amplitudes of the recorded 
EEG on a logarithmic y-axis, against time on a linear x-axis. In 
the generation of aEEG, recorded activity is filtered, typically to 
minimize the display of very low- or high-frequency activity. 
Waveforms are also rectified, meaning amplitudes are 
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» Consider if potential artifact 


‘> Consider artifacts and other mimics 


measured not from peak-to-peak but, rather, as an absolute 
amplitude from baseline. The aEEG display consists of a series 
of juxtaposed vertical lines - each line reflects on the y-axis the 
lowest amplitude and highest amplitude recorded during a 
brief time window (typically around 10 seconds). The pattern 
created by a series of these vertical lines over time is the 
“activity band.” Visualization of the activity band is a rapid 
way to assess the overall amplitudes of activity during a given 
time window (Figure 5.2). 

On aEEG, continuity appears as activity with amplitudes 
always in the normal range. In term newborns, the lower margin 
of an activity band (the minimum amplitude sampled) is always 
>5 uV, and the upper margin of the activity band (the highest 
amplitude sampled) is always >10 uV, often much higher. Of 
note, these minimal amplitudes differ from that used in analysis 
of conventional EEG: on aEEG the activity band need only to 
have a lower margin >5 uV and an upper margin >10 uV to be 
deemed continuous, while conventional EEG requires ampli- 
tudes >25uV. This is in part due to the signal filtering in aEEG 
display, but primarily due to the differences in how amplitudes 
are measured between the two techniques. An aEEG measures 
amplitudes of rectified waveforms, in which the amplitude is the 
absolute value of the wave peak from the baseline. In conven- 
tional EEG, however, amplitudes are measured peak-to-peak, 
from the lowest point of a wave from to the highest peak of the 
following wave. Thus, the amplitude criteria for a normal tra- 
cing differ between aEEG and conventional EEG. 
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Figure 5.2 Two-channel EEG with corresponding aEEG from a normal term newborn. The top two panels display left-hemisphere (C3-P3) and right-hemisphere 
(C4-P4) EEG recording. The bottom two panels display the corresponding time-compressed aEEG for the left and right channels. The dense blue activity band displays 
the highest and lowest amplitudes over time against a logarithmic y-axis. The red cursor indicates the corresponding point on the EEG and aEEG traces. 


In aEEG, the upper and lower margins of the activity band 
are used to assess overall amplitudes and check for continuity 
in a tracing. These margins may also be affected by noncerebral 
factors, such as interelectrode distance and scalp edema, and by 
extracerebral artifacts such as those from ECG and high-fre- 
quency ventilation. In case of ECG or high-frequency ventila- 
tion, artifacts may artificially increase the lower margin, which 
may make a truly discontinuous aEEG falsely appear normal 
(Figure 5.3). 

In older children, and in cases where the abnormal pattern 
of burst suppression is present, the degree of discontinuity may 
be characterized by a QEEG trend, the burst suppression index. 
Burst suppression is discussed further in Chapter 6. 


Is the Amplitude Normal for Age? 


Normal amplitudes in term newborns and young children can 
range broadly from 25 to 150 uV and from 25 uV to over 300 
uV in preterm neonates. In older children and adults, normal 
amplitudes may range from 10 to 100 uV. 

The maximal amplitude varies with age and state. In chil- 
dren, the highest amplitudes are observed during non-rapid 
eye movements (non-REM) sleep with high-voltage delta 
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waves up to 200 uV that disappear with awakening. In preterm 
neonates, high-voltage waves are observed during quiet sleep 
(or its precursor in extremely preterm infants). If the maximal 
amplitude values are constantly around 200 uV, particularly in 
states other than non-REM sleep, this is abnormal. 

Quantitative EEG and aEEG are complementary tools to 
cEEG for analyzing amplitude range and its slow variations 
with time. This is particularly helpful in evaluating for the 
amplitude variations that characterize sleep-wake cycling 
(Figure 5.4). As amplitudes are higher and more varied in 
quiet sleep states for neonates, aEEG shows an elevated, 
broader activity band during quiet sleep. This alternates with 
a slightly lower, narrower activity band during the lower 
amplitude activity present in wakefulness. Similarly, QEEG 
trends reflect the higher amplitudes found in non-REM sleep 
in older children, with lower amplitudes while awake and in 
REM sleep. 

One form of QEEG, the envelope trend, is similar to aEEG 
in displaying waveform amplitudes as a function of time 
(Figure 5.5). In the envelope trend, rather than an activity 
band representing the lowest and highest amplitudes in each 
time window, a linear output graphs the median amplitude for 
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Figure 5.3 Abnormal cEEG with aEEG with activity band elevated by artifact. The EEG on the left shows minimal discernable activity, but is notable for artifact, 
particularly seen at T4. The aEEG on the right appears to have a lower margin above 5 uV in each panel, which does not reflect cortical activity, but rather artifact. 


Figure 5.4 aEEG displaying sleep-wake cycling in a normal term newborn. Segments of the activity band that are wider reflect the greater variation between low 
and high amplitudes in quiet sleep. Narrowing reflects the consistently lower amplitudes of active sleep. 
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Figure 5.5 EEG from a 9-month-old infant with GMPPB-related dystroglycanopathy (muscle-eye-brain disease) who presented in refractory status epilepticus. A 
series of generalized seizures are seen on raw EEG (top panel), envelope trend (middle two panels), and aEEG (bottom two panels). 


each time point. This results in a simple line trend that allows 
clear visualization of amplitude changes over time. 


Is the Background Symmetrical? 


A normal cEEG is symmetrical; there is no significant or persis- 
tent difference in the frequency or amplitude between the two 
cerebral hemispheres. Asymmetry suggests lateralized brain dys- 
function. In cases of apparent asymmetry, electrode placement 
and local conditions such as focal edema of the scalp should be 
carefully considered to exclude these as noncerebral causes. 

On QEEG, asymmetry cannot be evaluated when only three 
electrodes (generating a single cross-cerebral channel) are 
used. At least five electrodes (generating independent left and 
right channels) should be used along with display of the raw 
EEG tracing in order to check for symmetry. In aEEG, displays 
showing a right-hemispheric trend alongside a left-hemi- 
spheric trend may facilitate comparisons for symmetry. This 
is also true for other QEEG trends, such as color density 
spectral array (CDSA) and envelope trends. 

Some QEEG trends are specifically designed to identify 
differences between hemispheres. Envelope trends may super- 
impose the tracings of the left and right hemispheres to allow 
direct comparisons of amplitudes from each side. Asymmetry 
indices use formulas to quantify the difference in EEG power 
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between hemispheres (Figure 5.6). These may be set up to 
display absolute asymmetry or relative asymmetry values. 


Is the Background Normally Reactive and Variable? 


Normal variations in EEG background reflect physiological, 
internally, or externally driven changes in cerebral activity. 
These can be more specifically expressed as “variability” and 
“reactivity.” Variability represents the spontaneous, internally 
driven changes that correlate with behavioral states including 
wakefulness and sleep. Reactivity represents response to sti- 
mulation, or externally driven changes. Both are important 
features of normal EEG. Some overlap exists between reactivity 
and variability, as internal arousal may be provoked by external 
stimulation. 

In standard EEGs, reactivity is tested during the recording 
by performing sensory stimulation such as making noise or 
touching. Reactivity testing should also be performed during 
cEEG in the ICU, preferably at least daily. During unsuper- 
vised monitoring, external stimulations such as nursing care or 
patting may also provoke reactivity. The normal response to 
stimulation is attenuation of the background activity or a 
decrease in amplitude. 

Variability is most easily appreciated on QEEG over peri- 
ods up to several hours. QEEG and aEEG trends allow easy 
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Figure 5.6 EEG from a 5-month-old infant with nonaccidental trauma, resulting in diffuse white matter injury. EEG (top panel) displays asymmetry, including lack of 
left-hemisphere sleep spindles. Note muscular artifacts on left side [underlined]. This is evident on relative asymmetry spectrogram (lower panel). Red indicates 
increased frequency-dependent power on right, whereas blue indicates increased power on left. Note periodic bands of red in the 12-14 Hz frequency range 
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corresponding to right-sided sleep spindles [arrow]. 


identification of sleep-wake cycling and other variations that 
may reflect reactivity. A normal sleep/wake organization over 
time is a good marker of normality. 


Are Appropriate Physiological Features for Age Recognizable? 


The main differences between neonatal and pediatric EEG as 
compared to adult EEG are the maturational changes present 
during childhood. Some specific features (such as encoches 
frontales, spindles, or vertex waves) are good markers of nor- 
mality. Furthermore, some sharp features need to be recog- 
nized as normal and physiological at certain ages, such as trains 
of vertex waves, sharp bursts of theta at sleep onset, and frontal 
and anterior slow waves in newborns. 

For the purpose of this chapter, we discuss separately pre- 
term and term-born neonates, infants up to 2 years, children 
between 2 and 5 years, 5 and 10 years, and older than 10 years. 
Age-specific EEG features during wakefulness, sleep onset, and 
REM and non-REM sleep are detailed below. 

Identification of physiological features is not possible on 
QEEG trends, though they may sometimes be seen on the 
accompanying source or “raw” EEG tracing. 


Are There Any Abnormal Features? 


After comprehensive evaluation of the background to confirm 
normal features are present, the EEG should be reviewed to 
consider whether abnormal features are present, such as sharp 
waves, epileptiform discharges or focal or diffuse slowing. 
Abnormal EEG is discussed further in Chapter 6. For each 
apparent abnormality, the first step is to make sure that these 
findings are not actually artifacts (see below). 


https://doi.org/10.1017/9781316536001.005 Published online by Cambridge University Press 


Are There Normal or Abnormal Sharp Waves? 


Abnormal discharges are described in detail in Chapter 6. 
Of note, normal EEG at some ages includes some sharply 
contoured activity that is normal. This includes trains of 
vertex waves, sharp bursts of theta at sleep onset, and 
frontal and anterior slow waves in newborns (see below). 
These normal sharp waves need to be recognized as phy- 
siological in order to avoid misinterpretation and potential 
overdiagnosis. 

Sharp waves are not visible on QEEG and are only visible 
on the source EEG tracing. 


Are There Seizures or Seizure Mimics? 


A seizure is defined on EEG as abnormal rhythmic activity with 
abrupt onset and offset with evolution in morphology, fre- 
quency, or amplitude. By convention, it must last for more 
than 10 seconds, unless there is a clear clinical correlate. 
Seizures are always abnormal and must be distinguished 
from rhythmic artifacts that may create close mimics. 

During QEEG monitoring, seizures may appear as abrupt 
changes in the trend display. Seizures appear on aEEG as an 
abrupt elevation of the lower margin, particularly if the seizure 
is of higher amplitude than the surrounding background. On 
CSA, seizures may appear as changes in frequency content. 
Unilateral seizures may appear as paroxysmal asymmetry evi- 
dent on envelope trend or asymmetry index. A careful analysis 
of the accompanying source EEG is required to make sure 
suspected seizure on QEEG is not a rhythmic artifact (e.g., 
patting, respiratory artifact). 

Identification of seizures is discussed further in Chapter 6. 
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Age-Specific Aspects 
Preterm and Full-Term Newborns 


Overview 


Conventional EEG 


Background EEG activity in preterm babies has very specific 
aspects and changes very quickly from week to week during the 
period of prematurity (Tables 5.1 and 5.2). 

Sleep organization differs from that observed in term 
newborns. Before 26-27 weeks conceptional age, sleep and 
awake states may be distinguished mainly by behavior. 
From 28 to 30 weeks conceptional age onward, organiza- 
tion into three states (wakefulness, active and quiet sleep) 
emerges. Active sleep is a precursor of what will later 
become rapid eye movement (REM) sleep. Active sleep is 
characterized behaviorally by periods of rapid eye 


movements, small and large body movements, and irregu- 
lar respirations. In active sleep the EEG varies by concep- 
tional age but is similar to that of wakefulness. In contrast, 
quiet sleep is characterized by slow, regular respirations, 
and less body movement (except sucking). Quite sleep is 
characterized by a more discontinuous EEG (see Table 
5.1). The patterned progression from awake to active 
sleep to quiet sleep is the sleep cycle. The duration of 
sleep cycle increases with conceptional age from approxi- 
mately 25 minutes of active sleep and 10 minutes of quiet 
sleep at 27 weeks, to 40-70 minutes of total sleep (with at 
least half in active sleep) by term [5, 6]. A specific char- 
acteristic of neonatal sleep organization is that sleep onset 
is into active sleep rather than first to quiet sleep, as would 
be seen in older infants and children. 

In extremely (<28 weeks) and very preterm (28-32 weeks) 
neonates, the background EEG activity is physiologically dis- 
continuous with bursts of activity often exceeding 300 uV 


Table 5.1 Age-related specific background activity on conventional EEG in normal premature and full-term infants 


Conceptional Sleep-wake 
age cycling Background activity Appearance of reactivity 
Active sleep Quiet sleep From active From quiet 
Awake (AS) (QS) sleep (AS) sleep (QS) 
24-27 weeks Resting and Discontinuous Rare Rare 
active (with lability 
behavior of the discontinuity period) 
states, +/— Bl: up to 60 sec 
EEG variation 
28-31 weeks Emerging: Discontinuous Discontinuous Discontinuous 28-29 weeks: 28-29 weeks: 
Awake-AS-OS Bl: up to 35 "Tracé inconsistent inconsistent 
seconds discontinu" 30-31 weeks: 30-31 weeks: 
decrease of transient 
amplitude appearance of 
continuous 
32-35 weeks Present: Increasingly Discontinuous, Discontinuous Present: Inconsistent: 
Awake-AS-OS continuous becomes "Tracé Diffuse Transient 
IBI: up to 20 increasingly discontinu" transient appearance of 
seconds until 33 continuous decrease of continuous 
weeks with age amplitudes slow wave 
IBI: up to 10 activity 
seconds until 35 
weeks 
36-37 weeks Present: Continuous Continuous Semi- Present: Present: 
Awake-AS-OS- "Activité continuous or Transient Lengthening 
AS moyenne" "Tracé decrease in of IBI or slow 
IBI: up to 6 alternant” EEG activity wave burst 
seconds 
38-40 weeks Present: Continuous Continuous Semi- Present: Present: 
Awake-AS-QS- “Activité continuous or Attenuation of Attenuation of 
AS moyenne" "Tracé background background 
alternant” activity activity 


AS = active sleep, IBI = interburst interval, QS = quiet sleep 
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Table 5.2 Age-related specific cEEG features in premature and full-term infants 


Conceptional Graphoelements Morphology Amplitude Frequency Spatial 


age 


24-27 weeks 


28-31 weeks 


32-35 weeks 


36-37 weeks 


Slow delta waves 


+++ 


Theta waves 
++ 


Theta waves 
(temporal theta) 
+++ 


Delta brushes 
++ 


Delta brushes 
+++ 


Temporal theta 
ze. 


Frontal sharp 
transients 
df 


Delta brushes 
at 


Mono- or diphasic 
Smooth, or with 
sparse 
superimposed 
theta/alpha 
rhythms 

Isolated, or in 
short 
monorhythmic 
sequences 
Mono-Diphasic, in 
bursts of sharply 
contoured waves 
+/- delta wave 


Mono-Diphasic, in 
bursts of sharply 
contoured waves 
+/- delta wave 
mainly observed 
in QS 

ono- or diphasic, 
with 
superimposed 
faster rhythms, 
solated or in short 
sequences 

otable in AS and 
QS 


ono- or diphasic, 
with 
superimposed 
faster rhythms, 
solated or in short 
sequences 

otable in AS and 
QS 

ono-Diphasic, in 
bursts of sharply 
contoured waves 
t/- delta wave 
mainly observed 
in AS until 32 
weeks and QS 
until 33-34 weeks 
mmature, 
smooth 
incomplete, 
asymmetric 


ono or diphasic, 
with 
superimposed 
faster rhythms, 
solated or in short 
sequences 
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Up to 300 uV 


Up to 200 pV 


>300 uV 


50-2500 uV 


50-250 uV 


Up to 120 pV 


50-200 uV 


0.3-1 Hz 


4-7 Hz 


4-7 Hz 


(0:512 Iiz 


0.3-2 Hz 


4-7 Hz 


1-2Hz 


(0:52! Intz 


localization 


Occipital — central 
— frontal bilateral/ 
synchronous or 
unilateral 


Diffuse or 
predominate in 
emporal areas 


Diffuse or 
predominate in 
emporal areas 


Predominate in 
occipital areas 


Temporal and 
occipital 


Predominate in 
temporal areas 


Frontal 


Occipital 
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Table 5.2 (cont) 


Conceptional Graphoelements Morphology 
age 
Frontal sharp Diphasic (negative 
transients deflection 
++ followed by 
positive 
deflection) 
More frequently in 
AS and onset QS 
Slow anterior Short bursts of 
dysrhythmia monomorphic 
suf. delta waves 
38-40 weeks Frontal sharp Diphasic (negative 
transients deflection 
diit followed by 
positive 
deflection) 
More frequently in 
AS and onset OS 
Slow anterior Short bursts of 
dysrhythmia monomorphic 
WS delta waves, often 
intermixed with 
frontal sharp 
transients 
+++ abundant 
++ common 


+/- may or may not be present 
AS = active sleep, OS = quiet sleep. 


Amplitude Frequency Spatial 
localization 

50-150 uV 1-2Hz Frontal, unilateral, 
or bilateral 

50-100 uV 1-3 Hz Frontal 

50-150 uV 1-2 Hz Frontal, unilateral, 
or bilateral 

50-100 uV 1-3 Hz Frontal 


separated by prolonged periods of relatively flat tracing 
called inter-burst intervals (IBIs). With brain maturation, 
the number and duration of IBIs and the amplitudes of 
bursts decrease (see Table 5.1). By term-equivalent age, 
background activity is continuous while awake and during 
active sleep, whereas during quiet sleep, high-amplitude 
bursts persist and alternate with periods of relatively lower 
amplitude activity, a pattern named “tracé alternant” 
(Figure 5.7). 

Specific physiological features appear and disappear at 
expected ages during brain maturation (see Table 5.2). 
In preterm EEGs, characteristic features include high- 
amplitude slow delta waves, delta brushes, and sharply 
contoured theta bursts. In term infants, characteristic nor- 
mal EEG features are frontal sharp transients (also called 
“encoches frontales”) and slow anterior dysrhythmia 
(Figure 5.8). These are all normal and should not be mis- 
taken for epileptiform activity. 


Amplitude-Integrated EEG (aEEG) 


The main parameters of aEEG - continuity, amplitude and 
cyclic variation - change according to gestational age [7, 8] 
(Table 5.3). 
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The term “continuity” is somewhat ambiguous because 
it can relate both to the corresponding cEEG and to a 
specific set of parameters in aEEG. In aEEG, continuity is 
assessed through the upper and lower margins of the 
activity band. In the Hellstrom-Westas classification, the 
aEEG tracing is considered continuous when the lower 
margin amplitude stays above 5 uV and the upper margin 
amplitude is at least 10 uV [9]. Notably, while an upper 
margin of 10 uV is sufficient to categorize an aEEG as 
continuous using the Hellstrom-Westas system, typically 
upper margin amplitudes in healthy neonates are higher, 
often 30-50 uV. A discontinuous aEEG is characterized by 
lower margin amplitude below 5 uV, while upper margin 
remains above 10 uV (and often higher) (Figure 5.9). The 
discontinuous aEEG pattern in preterm infants correlates 
with the "tracé discontinu" pattern seen on cEEG. In con- 
trast, a burst suppression pattern on aEEG shows an 
absence of variability, as well as a very low (typically «3 
uV) lower margin amplitude (Figure 5.10). In parallel with 
EEG, aEEG becomes gradually more continuous with age; 
this is reflected by the lower margin of the aEEG activity 
band raising with increasing conceptional age. In alterna- 
tive aEEG grading systems, continuity may be measured 
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Figure 5.7 Tracé alternant in a term neonate. Display is set at 60 seconds per screen to best visualize the subtle alternating pattern of higher and lower amplitude 
activity. 


Figure 5.8 EEG from a 39-weeks gestational age infant, on day 4 after birth, after receiving therapeutic hypothermia for suspected hypoxic-ischemic 
encephalopathy (HIE). The EEG includes normal frontal sharp transients in the bilateral frontal channels, along with anterior dysrhythmia [arrow]. These are normal 
features in a term neonate. 


differently. For example, in the Burdjalov classification Amplitude - In healthy term neonates, the mean amplitude of 
approach to aEEG, the term “continuity” refers to the ^ the upper margin is between 10 and 30 uV with rare bursts of 


density of the aEEG band itself [10]. activity greater than 50 uV [11]. Presence of more frequent 
bursts before 30 weeks gestational age are normal. In 
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Table 5.3 Age-related patterns on aEEG in healthy preterm and full-term neonates 


Conceptional age Predominant Lower margin typical Upper margin typical Sleep-wake cycling 
background pattern amplitude (uV) amplitude (uV) 
24-27 weeks Discontinuous with 2-5 12-40 Immature” 


sparse intermixed 
high-amplitude 
"bursts" 

28-31 weeks Discontinuous 2-5 


32-35 weeks Borderline continuous 3-6 
while awake 
Discontinuous in quiet 
sleep 


36-37 weeks Continuous while 5-10 
awake 
Discontinuous in quiet 
sleep 


38-40 weeks Continuous 5-15 


* Only some developed cyclic variation in the lower amplitude. 


10-30 Immature" 
10-30 Mature* 
15-30 Mature* 
15-40 Mature* 


* Clearly identifiable sinusoidal variations between discontinuous and more continuous background activity, cycle duration >20 min. 


Figure 5.9 Discontinuous aEEG from a 38-week gestational age infant initiating hypothermia treatment for hypoxic-ischemic encephalopathy. Six hours of aEEG is 
displayed. While the initial segment features higher amplitudes, the majority is characterized by a lower margin below 5 uV with an upper margin above 10 pV. 


premature infants, the number of bursts is inversely correlated 
with conceptional age. 


Sleep-Wake Cycling - Cyclic variation of aEEG background 
activity may be detected even in premature infants. 
Neurologically normal preterm infants exhibit at least two 
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different patterns of aEEG activity, corresponding to awake 
and asleep. The presence of cyclical variation of aEEG activity 
is useful for prediction of good outcome in preterm infants 
[11]. From as early as 30 weeks conceptional age, quiet sleep 
periods are clearly discernable in the aEEG as periods that 


>] 
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EEZ 
5 
| 


Figure 5.10 Burst suppression on aEEG. aEEG from a 5-day-old term neonate with multiple anomalies, following bowel perforation and sepsis. Note activity band 
predominantly below 3 uV with very brief high-amplitude bursts rising above. 


>] 


have increased bandwidth. At term, the aEEG pattern in 
quiet sleep reflects the “tracé alternant” pattern seen on 
cEEG. The presence of discernable sleep-wake cycling 
before 30 weeks conceptional age is less well established. 
Cyclic variations in the most premature infants might sug- 
gest immature sleep-wake cycling. At the same time, varia- 
bility in EEG background at these ages may be observed 
without consistent concordance with sleep or wake beha- 
vioral changes [12, 13]. 


Age-Specific Aspects 


24-27 Weeks Conceptional Age 


cEEG 


“Tracé discontinu” describes an EEG background charac- 
terized by IBIs having duration often greater than 30 
seconds in very preterm neonates, separated by high- 
amplitude bursts of varying duration. Tracé discontinu 
may be present as early as 27 weeks conceptional age 
(Figure 5.11). Variability is present and characterized by 
variable duration of IBIs. 

Behaviorally, periods of rest alternate with period of motor 
activity, albeit with low correlation between behavior and EEG. 
Tactile stimulation provokes few EEG changes (low reactivity). 

Specific EEG features at this age are bursts of high- 
amplitude delta waves (0.3-1 Hz, >500 uV) mixed with diffuse 
or temporal sharp theta bursts (200 uV). 
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aEEG 


Two variations of a discontinuous pattern can be identified. 
A low-voltage discontinuous pattern is present in the most 
premature newborns, with minimum amplitudes <3uV, higher 
amplitudes typically ranging from 15 to 30 uV, and high- 
amplitude bursts infrequent. A higher voltage discontinuous 
pattern may also be seen, with higher minimum amplitudes of 
3-5 uV, typical higher amplitudes ranging from 20 to 40 uV, 
and rare bursts >100uV. 


28-31 Weeks Conceptional Age 


cEEG 


Active wakefulness, active sleep, and quiet sleep are now estab- 
lished with early sleep-wake cycling present and good concor- 
dance of behavioral state with specific EEG features. 
Discontinuity is marked, particularly during quiet sleep, with 
IBIs of duration up to 35 seconds and longer bursts of activity 
present, at times lasting up to 160 seconds. In bursts, theta waves 
are predominant (especially in the temporal regions), and delta 
brushes appear. Their number increases with age and will be 
maximal around 33 weeks conceptional age. Tactile stimulation 
causes increased continuity and a reduction of amplitude. 


aEEG 


From approximately 30 weeks gestational age, aEEG back- 
ground activity becomes continuous (lower margin >5 uV) 
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1 [ Discontinuity | 


Figure 5.11 Conventional EEG recording in 26 week conceptional age prema 


ure infant. 


1. Period of approximately 16 seconds of discontinuity with a low-amplitude burst of activity. 

2. High-amplitude biphasic delta wave (>700 uV), with superimposed theta activity, predominantly distributed in occipital area. 

3. Burst of theta waves associated with a high-amplitude slow wave, in left temporal area. 

Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram, RESP: thoracic respiratory movements 


during wakefulness and active sleep but stays discontinuous in 
quiet sleep. 


32-35 Weeks Conceptional Age 


cEEG 


During wakefulness and active sleep, the EEG tracing is 
nearly continuous. During quiet sleep, the background 
activity remains discontinuous, with IBI durations around 
15-20 seconds at 32 weeks conceptional age, 10 seconds at 
34 weeks conceptional age, and less than 10 seconds at 35 
weeks conceptional age (Figure 5.12). Reactivity to tactile 
stimulation is consistent during active sleep, manifesting as 
reduction of amplitude, but is more difficult to elicit dur- 
ing quiet sleep. This period is marked by an abundance of 
delta brushes and a decline of temporal activity with a 
progressive reduction of amplitudes. Immature frontal 
sharp transients begin to appear at 34 weeks conceptional 
age, frequently appearing smooth, incomplete, and asym- 
metrical at this age. 


aEEG 


The tracing is continuous, with a lower margin above 5 uV. 
The bandwidth narrows as compared to younger ages, and now 
fluctuates with sleep-wake cycles. 
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36-37 Weeks Conceptional Age 


cEEG 


The EEG tracing is continuous with mixed frequency activity 
of medium amplitude, sometimes called “activité moyenne.” 
This pattern is present during wakefulness and active sleep, 
whereas quiet sleep is characterized by the tracé alternant 
pattern of amplitudes that, while always greater than 25 uV, 
alternate between higher and lower voltages. Frontal transient 
sharp waves (encoches frontales) and slow anterior dysrhyth- 
mia may be present and constitute an important marker of 
normal brain maturation in neonates approaching term age. 
Delta brushes gradually fade away during this period. Theta or 
alpha waves with low amplitudes are observed in the central 
and temporal areas in active sleep. 


aEEG 


The aEEG is similar to that of term neonates, with continuity 
and established sleep-wake cycling. 


Term Infants: 38—42 Weeks Conceptional Age 


cEEG 


During wakefulness and active sleep, EEG is characterized by 
the activité moyenne pattern, containing mixed frequencies. In 
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Figure 5.12 Conventional EEG recording in 32 week conceptional age premature infant. 
1. Quiet wakefulness, continuous tracing with bursts of delta brushes observed on bilateral occipital areas [underline]. 
2. Quiet sleep, discontinuous tracing (IBI = 4 seconds) with bursts of activity composed of delta brushes [circle] and low amplitude theta waves in left temporal area 


[underline]. 


3. Quiet sleep, discontinuous tracing (IBI = 13 seconds) with bursts of theta waves in the right temporal area. 
Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram. 


quiet sleep, tracé alternant appears at 37-38 weeks concep- 
tional age and disappears after 44 weeks conceptional age. EEG 
reactivity (e.g., to arousal) typically manifests as attenuation of 
background activity, which it is important not to mistake for 
abnormal discontinuity. Frontal sharp transients and slow 
anterior dysrhythmia are frequent and remain an important 
marker of normal brain maturation at this age (Figures 5.13 
and 5.14). Delta brushes are rare at this age. 


aEEG 


Normal term infant aEEG is characterized by continuous tra- 
cing with mature sleep-wake cycling. Regular sinusoidal varia- 
tions of amplitude appear with a cycle 20 minutes. The broader 
bandwidth corresponds to quiet sleep (tracé alternant) and the 
narrower bandwidth corresponds to continuous activity dur- 
ing wakefulness and active sleep. The sleep-wake cycling is also 
easy to identify with DSA (see Figure 5.13). 


Infants and Children 


Overview 


In infants and children, normal EEG shows a mixture of wave- 
forms and frequencies that evolve with age and behavioral state. 
With maturation, background activity frequencies increase and 
overall amplitudes decrease. Also, with increasing age there is 
less inter-subject variability; normal EEG largely approximates 
adult EEG from 10 years of age onward (Table 5.4). 
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During wakefulness, a posterior dominant rhythm is recog- 
nizable during eye closure from 3 months of age. This initially 
has a frequency of around 5 Hz, progressively increasing to 
around 7 Hz by 2 years, around 9 Hz by 7 years, and around 
10 Hz by 15 years. The amplitude varies from 30 to 100 uV. 
Theta and delta waves are abundant. The total quantity of theta 
progressively increases to reach a peak at 5 years of age and then 
declines with subsequent age [14, 15]. Delta slow waves are the 
prominent frequency during the first year of life, followed by 
theta waves as the main frequency between 2 and 5 years of age. 
Overabundance of focal or diffuse delta waves is nonspecific 
marker of brain dysfunction. 

During drowsiness, rhythmic diffuse patterns appear at 3 to 
5 Hz during the first year of age, increasing in frequency to 4 to 
6 Hz by age 5 (Figure 5.15). They are sometimes mixed with 
high-voltage (as high as 350 uV) bisynchronous 3 to 5 Hz 
bursts, called hypnagogic hypersynchrony. These are very 
common between ages 3 and 5 years. The superimposition of 
these waves may create sharp aspects that should not be con- 
fused with generalized spike-waves. These normal drowsy 
bursts disappear with deeper sleep, in contrast to abnormal 
spike-wave complexes, which either persist or increase in sleep. 

During non-REM sleep, vertex waves, spindles and K com- 
plexes are physiological features. They are good markers of 
normality. Vertex waves are generally high-voltage diphasic 
sharp waves of maximal amplitude at the central electrodes 
(Cz, C3, and C4), lasting up to 200 msec. They begin to appear 
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Figure 5.13 Conventional EEG recording in a full-term infant with accompanying DSA. 
A. Density spectral array (DSA): display of activity over time on the x-axis (12 hours) with y-axis showing frequencies between 0.5 and 17 Hz. Color scale: from the blue 
color for the less predominant frequencies to red for dominant frequencies. Cyclic variation seen on DSA correlates with cEEG for (1) wakefulness, (2) active sleep, (3) 


quiet sleep, and (4) active sleep. 
B. 


1. Wakefulness: continuous tracing with low amplitude polyfrequency activity (“activité moyenne’) with muscular artifacts [underline] and ocular movements [arrows] 


in frontal channels during wakefulness. 


2. Active sleep (AS): continuous tracing with slightly higher amplitudes than later active sleep, frontal transient sharp waves [*] ('encoches frontales", irregular 


respirations. 


3. Quiet sleep (QS): "tracé alternant" with theta rhythms in central area (Cz) [circle], regular cardiac and respiratory frequency. 


4. Active sleep (AS): with a typical "activité moyenne" pattern. 


Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram, RESP: thoracic respiratory movements 


at around 3 months of age. Their occurrence increases until 3 
to 4 years. They may occur in short sequences of repetitive runs 
that are normal (Figure 5.15). Spindles are rhythmic runs of 
12 to 14 Hz waves localized over frontal and central regions, 
less often seen diffusely. They are a marker of non-REM sleep. 
They may be present as early as at term-equivalent age and are 
abundant by age 3 months, though sometimes are asynchro- 
nous. Their length and quantity decline with age (Figure 5.15). 
K complexes are high-amplitude (2100 uV), broad (2200 ms), 
diphasic transient features and are often associated with sleep 
spindles. They are maximal at the midline. 

During slow wave sleep the dominant frequency is high- 
amplitude delta. High-voltage rhythmic patterns may be 
observed at the time of transition between non-REM and 
REM sleep. They sometimes may mimic a seizure but their 
occurrence just before a sleep state change helps to distinguish 
them as a normal feature. 
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During REM sleep, the EEG has some similarities with 
the patterns observed during wakefulness. This has given it 
the name of "paradoxical sleep." Theta waves are the 
dominant frequency. Eye movements and lack of muscle 
movements are helpful in distinguishing REM sleep from 
wakefulness if video or behavioral correlation is not 
available. 

During the first few months, arousal consists of 
attenuation of voltage. Isolated diphasic slow waves and 
diffuse theta rhythmic waves appear during arousal from 
the end of the first year of age. This persists until 4 to 5 
years of age and is similar to patterns observed during 
drowsiness. Between 5 and 7 years, arousal gradually 
attains a pattern on EEG similar to that seen in adults: a 
rapid conversion from sleep to awake EEG within 1 to 2 
seconds. When arousal occurs during deep, non-REM 
sleep, a brief delta/theta burst may appear. 
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Figure 5.14 Conventional EEG recording in a full-term infant. 
Continuous tracing in active sleep with slow anterior dysrhythmia in frontal areas [underline]. Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), 
ECG: electrocardiogram, RESP: thoracic respiratory movements. 


Table 5.4 Age-related specific EEG features in infants 1 month to children 15 years old 


Age 


1 to 24 
months 


2 to 5 years 


5to 10 
years 


10 years 
and older 


Wakefulness 


Mixed frequency, 
«75 uV, emergence 
of posterior 
dominant rhythm 
from 4 Hz (3 
months) to 7 Hz (24 
months) 


Posterior dominant 
rhythm 7-8 Hz 
intermixed with 
theta 


Posterior dominant 
rhythm 9-10 Hz, 
intermixed 5-8 Hz 
decreasing with 
increasing age 


Posterior dominant 
rhythm 9-10 Hz 


Sleep onset 


Active/REM sleep 
onset disappears by 2 
to 3 months post- 
term 

Diffuse high- 
amplitude 3-5 Hz 
activity 


Hypnagogic 
hypersynchrony: 
diffuse bisynchronous 
sinusoidal rhythmic 
up to 300 uv waves 


Slowing of posterior 
dominant rhythm 
frequency 

Rhythmic anterior 
theta activity 


Slowing of posterior 
dominant rhythm 
frequency 
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NREM stage 1-2 


Mixed frequencies, 
spindles appear by 1- 
3 months post-term. 
Asynchronous 
spindles possible up 
to 6 months post- 
term. K complexes 
appear by 6 months 
post-term 


K complexes in 
repetitive runs 
Typical vertex sharp 
waves by 16 months 
post-term 


Vertex sharp waves 
Represents 5596 of 
otal sleep time 


Diffuse low amplitude 
4-7 Hz 

Spindles 

Represents 5096 of 
otal sleep time 


NREM stage 3-4 


Slow wave 
activity of high 
amplitude (up to 
400 uV) present 
by 6 months 
post-term 


Slow wave 
activity 


Represents 3096 
of total sleep time 


Represents 2596 
of total sleep time 


REM 


Theta waves 
usually preceded 
by burst of very 
high-amplitude 
delta activity at 
REM onset 


Low amplitude 
mixed frequency 
activity 
Represents 2596 
of total sleep time 


Represents 1596 
of total sleep time 
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Figure 5.15 Conventional EEG recording in a 2-year-old child. 
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Top. Density spectral array (DSA) display of activity over time on the x-axis (12 hours) with y-axis showing frequencies between 0.5 and 17 Hz. Color scale: from the 


blue color for the less predominant frequencies and red for dominant frequencies. 


A. Quiet wakefulness. 

B. Hypnagogic physiological hypersynchrony in sleep onset. 

C. Physiological theta burst in central areas in non-REM sleep (stage 1). 
D. Symmetric spindles in non-REM sleep in central areas. 


Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram, RESP: thoracic respiratory movements 


QEEG 


There are no normative data on QEEG background in infants 
and children. However, continuity, amplitude, asymmetry, and 
sleep-wake cycling can still be used to assess the appropriate- 
ness of the EEG background and monitor recovery after a 
neurological insult [16]. 


Age-Specific Aspects 


From 1 Month to 2 Years 


While awake, dominant rhythms are high-amplitude (up 
to 75 uV) theta waves, with frequencies from 4 Hz 
increasing to 6-7 Hz by 2 years of age. These are located 
in centro-occipital regions in early infancy, then become 
occipital and are notably interrupted by eye opening from 
3 months of age onward. Delta and abundant theta activ- 
ity is mixed with the posterior dominant rhythm during 
the second year. 

During the first 3 months of age, infants fall asleep directly 
into active sleep (equivalent of REM sleep in adults). 
Synchronous theta waves in drowsiness and transition to 


https://doi.org/10.1017/9781316536001.005 Published online by Cambridge University Press 


sleep appear around 6 months of age with rhythmic 3-4 Hz 
waves, 100 to 250 uV (hypersynchrony). 

In sleep, the typical neonatal tracé alternant pattern disap- 
pears around the end of the first month, replaced by a contin- 
uous, slow wave pattern with approximately 1 Hz, 100 uV, delta 
waves. Sleep spindles are present as early as term and always by 3 
months corrected age. Sleep spindles have a duration up to 10 
seconds each, and are typically asynchronous during infancy, 
becoming synchronous by age 2 years. Vertex waves appear 
around 6 months. They may constitute trains of vertex sharp 
waves during the second year. In non-REM deeper sleep there is 
a predominance of high-amplitude delta waves with a more 
pronounced occipital location after 1 year of age. In REM 
sleep, there are low amplitude diffuse theta diffuse or delta waves. 

Arousal appears similar to drowsiness in this age group. 


From 2 to 5 Years 


In wakefulness, the posterior dominant rhythm progressively 
contains higher frequencies with age, by 5 years consisting 
largely of alpha activity with some persistent theta and delta 
waves (see Figure 5.15). 
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Figure 5.16 Conventional EEG recording in a 5-year-old child. 


Normal Neurophysiology, Benign Findings, and Artifacts 


Top. Density spectral array (DSA): display of activity over time on the x-axis (12 hours) with y-axis showing frequencies between 0.5 and 17 Hz. Color scale: from the 
blue color for the less frequent predominant frequencies and red for dominant frequencies. Cyclic variation allows identification of quiet wakefulness (1), non-REM 


sleep (2), and REM sleep (3). 

A. Quiet wakefulness. 

B. K complex and vertex sharp waves. 

C. Non-REM sleep (stage 2), spindles in central areas [circle]. 
D. Non-REM sleep (stage 3). 


Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram, RESP: thoracic respiratory movements 


Drowsiness is characterized by the hypersynchronous pat- 
tern less commonly with increasing age, but may be seen in 
normal EEG until 13 years of age. In drowsiness, theta waves 
with a sharp aspect appear and should not be confused for an 
abnormal pattern. 

In sleep, vertex sharp waves are frequently seen intermixed 
with K complexes, having a maximum at the vertex. 

Arousal patterns are nonspecific at this age. 


From 5 to 10 Years 


In wakefulness, by around 10 years of age the posterior 
dominant rhythm is alpha (10-11 Hz) of high amplitude 
(as high as 100 uV at 8-9 years, then decreasing with age) 
(Figure 5.16). 

In sleep, spindles are shorter (1 to 2 seconds) and are 
located centrally but with spreading in frontal regions. 
During REM sleep, low amplitude theta and alpha rhythms 
are predominant. 
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At this age, arousal consists of a transition from sleep to 
awake that is rapid. 


From 10 Years to Adulthood 


Wakefulness is characterized by an alpha frequency (10- 
12 Hz), posterior dominant rhythm of low amplitude (Figure 
5.17). 

In drowsiness, the alpha rhythm gradually becomes slower, 
less prominent, and fragmented. Central or frontocentral theta 
activity, beta activity, and some occipital sharp transients 
appear. Hypnagogic hypersynchrony may persist. 

During non-REM light sleep activity is slow with theta 
and then delta predominance. There are spindles, vertex 
waves and K complexes of high amplitude (2100 uV) and 
duration (>200 ms), with a diphasic aspect, and often 
associated with sleep spindles. During non-REM deep 
sleep polymorphic delta activity is prominent, of high 
amplitude (>75 uV) with few sleep spindles and K 
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Figure 5.17 Conventional EEG recording in a 10-year-old child. 
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Top. Density spectral array (DSA): display of activity over time on the x-axis (12 hours) with y-axis showing frequencies between 0.5 and 17 Hz. Color scale: from the 
blue color for the less frequent predominant frequencies and red for dominant frequencies. 


A. Quiet wakefulness with reactivity to eye opening and closure [vertical lines]. 
B. Non-REM sleep (stage 2), with spindles in central areas [arrow]. 

C. Non-REM sleep (stage 3). 

D. REM sleep. 


Longitudinal montage, 0.57 Hz-70 Hz bandwidth, notch filter (50 Hz), ECG: electrocardiogram, RESP: thoracic respiratory movements 


complexes. During REM sleep EEG rhythms are desyn- 
chronized with theta and beta waves of low amplitude. 
REM sleep is characterized by presence of rapid eye move- 
ments observed on video and/or recorded as eye movement 
artifact in the frontal channels. 


Physiological and Environmental Artifacts 


Artifacts are superimposed features on the background activity 
that do not reflect brain activity. They can have different 
origins: technical, environmental, or physiological. They can 
be sustained or brief, transient or repetitive. Recognition of 
artifact is highly important for EEG interpretation. 


Physiological Artifacts 


Physiological artifacts are those noncerebral signals that 
appear on EEG that have origin in other body parts. 
Muscular contractions may cause intermittent or sustained 
artifact, characterized by a frequency greater than 50 Hz 
(Figure 5.18). While EEG software may have filters designed 
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to reduce muscle artifact, it cannot be completely removed by 
additional EEG filters. Moreover, filtering may modify EEG 
morphology, making patterns more difficult to recognize as 
artifact. 

Movement artifact may result from spontaneous patient 
movement, or from handling (e.g., rocking or patient care) 
(Figure 5.19). Movement artifact may appear on EEG as slow 
waves at the frequency of the movements, or abrupt and 
irregular. These artifacts can be prolonged, more or less regular 
and sometimes quite rhythmic; thus, they can closely mimic 
the EEG appearance of seizures. The use of an EMG electrode 
to document muscle activity or time-locked video can both be 
invaluable to clarify that movement is the source of the EEG 
activity. 

Ocular artifact occurs as the result of eye movements, 
typically manifesting as frontal slow waves (Figure 5.20). 
These artifacts can be identified by bedside observation, 
video or dedicated electro-oculogram channels. Eye movement 
artifacts can be useful for identifying behavioral states, notably 
active sleep in preterm neonates and REM sleep in children. 
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Figure 5.18 Muscle artifact in a full-term infant. Neonatal montage, 0.57 Hz to 70 Hz bandwidth, notch filter (60 Hz), sensitivity 7 uV. 


Common in ICU tracings are cardiac and respiratory 
artifacts (Figures 5.21 and 5.22). Cardiac pulse or respiratory 
movements can be recorded on EEG tracing and sometimes 
imitate ictal discharges because they are rhythmic, stereo- 
typed, and may evolve over time. The simultaneous recording 
of ECG and at least one respiratory sensor with cEEG allows 
one to distinguished many of these artifacts. Similarly, these 
typically appear at a frequency equal to the heart rate or 
respiratory rate. 

Hiccup artifacts occur isolated or in series, often with a 
repetitive aspect (Figure 5.23). They may occur simultaneously 
on the respiratory channel and on EEG derivations as the head 
has subtle movement. 

Sucking artifacts are rhythmic and composed of fast 
rhythms of muscular origin inconsistently superimposed on 
slow waves (theta-delta) (Figure 5.24). They are often recorded 
in temporal areas and can be prolonged, and more or less 
regular in rhythm. They may be of varying amplitude. 

Electrodermogram artifact (sometimes called "sweat 
artifact) is characterized by slow drifts on the baseline 
(less than 0.5 Hz) with superimposed physiological activity 
(Figure 5.25). 


Technical and Environmental Artifacts 


Patting is a common environmental artifact seen in neo- 
natal EEG (Figure 5.26). Because patting typically is rhyth- 
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mic, evolves in frequency and/or amplitude, and then stops 
after seconds or minutes, it is a common seizure mimic. 
Patting is most easily identified if there is accompanying 
video, though may also be recognized by simultaneous 
movement seen in non-cerebral (EKG, respiratory, or 
EMG) channels. 

"Line noise," electrical artifacts, is characterized by a 
superimposed frequency coming from the power supply 
(50 Hz in Europe, 60 Hz in the United States) (Figure 5.27). 
This added noise is traditionally reduced by filtering with a 
"notch" filter centered on the alternating current frequency. 
Similar artifacts may be present when EEG recording equip- 
ment or the patient comes into contact with other medical 
devices or even personal devices such as mobile phones, 
tablets, or laptop computers. 

Artifactual asymmetry in amplitude should be consid- 
ered when there is asymmetry solely in amplitude between 
the two hemispheres, without asymmetry in frequency con- 
tent. Any asymmetry should be interpreted with caution on 
a bipolar montage because it could simply be due to 
asymmetric inter-electrode distances or asymmetric scalp 
edema, such as cephalohematoma. Therefore, confirmation 
of the amplitude asymmetry using a referential montage is 
required. 

Electrode artifacts can be of various types, including 
spiky waves with an abrupt initial phase inconsistently 
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Figure 5.20 Examples of ocular artifact. 

A. Ocular artifact appearing as theta activity in the frontal channels in a 10-year-old boy. 

B. Ocular artifact appearing as theta frequency sharply contoured activity in the frontal channels in a 3-year-old girl. High pass filter 0.5 Hz, low pass filter: 70 Hz, notch 
filter 50 Hz. Gain of amplitude uV/mm. 


Artifacts on QEEG In order to reduce the potential for artifact, it is essen- 
tial to record and to check raw EEG data at the beginning 
of a recording and whenever there is a sudden change in 
appearance of the QEEG trace. While QEEG can be a very 
helpful tool for bedside neuromonitoring, specific educa- 
tion of bedside caregivers on proper interpretation is 
essential. When suspected abnormalities are identified on 
QEEG, if possible, critical management decisions should be 
deferred until review of both QEEG and cEEG by skilled 
personnel. 


Artifacts are especially important to keep in mind when brain 
monitoring is performed via QEEG. False normal aEEG may be 
observed due to elevation of the overall amplitude by high- 
voltage electrocardiographic, high-frequency ventilation or 
muscular artifacts. This may occur in as many as 1596 of cases 
in encephalopathic, ventilated newborns receiving hypothermia 
[17] with flat trace on raw EEG [18]. Brief or intermittent 
elevation of the lower margin may also occur with nursing 
cares such as patting. This pattern may be mistaken for seizures. 
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Figure 5.24 Sucking in a 35 week neonate. In this example, artifact is maximal in the temporal channels, and while initially, low amplitude is very high amplitude in 
sity Press 


the second half of the tracing. 
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Figure 5.25 Sweat artifact in a 2-year-old child. (A) Sweat artifact appears as very slow delta waves predominantly in the frontal regions. High pass filter 0.5 Hz, low 
pass filter 70 Hz, notch filter 50 Hz. Gain of amplitude 15 uV/mm. (B) Sweat artifacts are less visible after adjusting the high pass filter to 1.6 Hz. 
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Figure 5.26 Patting artifact. While rhythmic and sharply contoured, this patting artifact does not have a plausible physiologic field, and can also be seen in the EKG 


channel. 
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appears across all channels intermittently, in this case as other electrical equipment came near the EEG recording device. 
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Figure 5.27 Neonatal EEG showing electrical artifact. Neonatal montage, 1Hz-70 Hz bandwidth, notch filter (60 Hz), Sensitivity 10 uV. High frequency artifact 


Normal Neurophysiology, Benign Findings, and Artifacts 


Figure 5.28 Electrode artifact. Five-day-old male born at 36 weeks with prenatal diagnosis of Ebstein's anomaly and hydrops. EEG following bradycardic arrest 
postdelivery, recorded while patient on VA-ECMO. Electrode artifact (“pop”) [arrow] is evident at T4. There is also lower amplitude ECG artifact at T3. Sensitivity 5 uV, 15 
seconds per page, HF 70 Hz Tc 0.1s. 
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Key Points 

e Identification of EEG background patterns can aid in 
evaluation of encephalopathy across the age span. 

* Certain EEG abnormalities indicate recent injury or risk for 
seizures. 


e EEG is essential for seizure diagnosis and distinction from 
other paroxysmal patterns. 

* Quantitative EEG trends facilitate quick recognition of 
changes in background patterns over time. 


Introduction 


While EEG in the intensive care unit (ICU) is often associated 
with seizure detection, it may be useful for the detection of a 
variety of abnormalities. Focal abnormalities on EEG can indicate 
a localized process such as ischemia, hemorrhage, or mass lesion. 
Diffuse background abnormalities can be helpful in predicting 
neurodevelopmental outcome for neonates with acute injury. 
Other patterns can indicate high risk for seizures or even suggest 
a particular epilepsy diagnosis [1]. Recognition of acute changes 
in EEG background could prompt changes in clinical manage- 
ment, such as when focal slowing is noted in a patient at risk for 
focal hypoperfusion and thus prompts adjustments to increase 
cerebral perfusion pressure. Significant diffuse EEG background 
deterioration can similarly alert the clinician to impending her- 
niation. In all cases, recognition of the abnormal EEG or QEEG 
findings is the essential first step. This chapter will describe a 
variety of common EEG abnormalities seen in neonates and 
children in the ICU and provide an overview of their clinical 
correlates. 


Background Abnormalities 


Neonates 


Neonatal EEG background patterns that have received the most 
study are for the full-term neonate. The background pattern can 
be characterized by features of continuity and amplitude. When 
assessing for continuity there is a continuum ranging from con- 
tinuous or appropriately discontinuous, to excessively discontin- 
uous, to burst suppressed. Unlike the normal discontinuous 
patterns of tracé discontinu and tracé alternant, an abnormally 
discontinuous EEG has an inter-burst interval (IBI) that is longer 
than expected for postmenstrual age (PMA) (Table 6.1). Neonates 
can have an excessively discontinuous EEG due to a variety of 
CNS insults, including hypoxia-ischemia, meningoencephalitis, 
hyperammonemia, and many others. Abnormally discontinuous 
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Table 6.1 Normal inter-burst interval (IBI) duration values displayed 
according to postmenstrual age (PMA) 


Postmenstrual age Maximum inter-burst 


interval 
<30 weeks 35 seconds 
30-33 weeks 20 seconds 
34-36 weeks 10 seconds 
37-40 weeks 6 seconds 


Adapted from: Tsuchida TN, Wusthoff CJ, Shellhaas RA, et al. American clinical 
neurophysiology society standardized EEG terminology and categorization for 
the description of continuous EEG monitoring in neonates: report of the ACNS 
critical care monitoring committee. J Clin Neurophysiol. 2013 Apr;30(2):161-73. 


patterns can be distinguished from the normal discontinuous 
patterns seen in preterm neonates by the presence of abnormal 
waveforms within the bursts of activity in the abnormally dis- 
continuous trace, such as excessive delta slow waves, or sharp 
wave discharges. An assessment of the degree of discontinuity can 
be clinically informative. For example, the length of IBI has been 
shown to correlate with ammonia level in neonates with citrulli- 
nemia [2] (Figure 6.1). 

Another feature to characterize in potentially abnormal 
EEG is whether state changes are present. A state change is 
defined as at least one sustained minute in each of more than 
one state, with each demonstrating distinctly different EEG 
patterns (discontinuity, amplitudes, and frequencies). For 
EEGs that are abnormal due to the absence of active or quiet 
sleep features, the presence or absence of a state change is an 
additional useful descriptor, as absence of state changes is even 
more worrisome than absence of normal sleep architecture 
with preserved state changes. 

Burst suppression is the most severely abnormal discontin- 
uous pattern (Figure 6.2). Unlike the excessively discontinu- 
ous EEG, the burst suppression pattern has no normal 
features. By definition, in burst suppression the amplitude of 
the IBI must be below 5 uV peak-to-peak (pp) and the bursts 
contain no normal activity. The burst suppression background 
also contains no variability or reactivity (Table 6.2). When an 
EEG contains state changes alternating between excessive dis- 
continuity and a pattern that otherwise appears to be burst 
suppression, it overall should be described as excessively dis- 
continuous, as burst suppression is a background pattern lack- 
ing state changes. 
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Figure 6.1 EEG from a 3-week-old term infant with mild citrullinemia, presenting with several days’ history of worsening respiratory status and decreased level of 
consciousness (LOC) despite normal serum ammonia levels. EEG demonstrates dysmature pattern with excessive discontinuity for age and marked asynchrony of 


bursts. 


Amplitude is also an important descriptor and is con- 
ventionally broken down into four categories based on pat- 
terns that are predictive of neurodevelopmental outcome in 
full-term infants [3]. In normal background, voltages should 
be 25 uV pp or greater in all behavioral states (awake, active 
sleep, quiet sleep). Low-voltage suppressed is defined as 
activity with amplitude between 2 and 10 uV pp in a tracing 
that is also invariant and unreactive with no normal back- 
ground features. Electrocerebral inactivity (ECI) is defined 
as the absence of any activity with amplitude 22 uV pp, when 
reviewed at a sensitivity of 2 uV/mm and in an EEG record- 
ing acquired utilizing special technical parameters. These 
requirements include use of a full set of scalp electrodes, 
impedances under 10,000 © but over 100 O, and demonstra- 
tion during the recording of the integrity of the recording 
system [4]. If the study is not performed using specific ECI 
technical parameters but nonetheless lacks apparent activity 
22 uV pp, it would be described as possibly consistent with 
ECI but not meeting technical recording criteria to deter- 
mine ECI. EEG to assess for ECI can be an ancillary study in 
the diagnosis of brain death in children; in cases of brain 
death, it is essential the EEG is recording in accordance with 
specific technical parameters to declare ECI [4, 5]. It is also 
important to recognize that brain death is a clinical deter- 
mination and cannot be made based on the presence of ECI 
on EEG alone. 

An intermediate neonatal amplitude category is a pattern 
with some normal features, but also with voltages continuously 
less than 25 uV but 210 uV pp. This background pattern has 


https://doi.org/10.1017/9781316536001.006 Published online by Cambridge University Press 


been defined by the American Clinical Neurophysiology 
Society (ACNS) guideline as borderline low voltage; it is of 
uncertain significance [3]. 

For neonates with seizures or hypoxia-ischemia, EEG 
backgrounds that are low-voltage suppressed, burst sup- 
pression, or inactive are strongly associated with subse- 
quent long-term neurological impairment [6-10]. It is 
important to use strict definitions for these background 
patterns because of their importance in predicting outcome 
[3]. For example, among neonates described as having 
"burst suppression" on EEG, but where the EEG shows 
variability and IBI amplitudes > 5 uV, only a minority 
have a poor neurological outcome [11]. Similarly, if the 
EEG is reactive, few neonates have an adverse neurological 
outcome [12]. It is additionally important to consider that 
immediately after an acute hypoxic-ischemic injury, neo- 
nates can have a very abnormal, even inactive, EEG that 
can later improve over hours to days. For this reason, EEG 
is most accurate for prognosis when it is assessed following 
an interval of at least 24 hours after an insult [10, 13, 14]. 
Likewise, as compared to single EEGs, the prognostic value 
of EEG background improves significantly when assessed 
over time with continuous or serial EEGs [15-19]. 

While amplitude abnormalities can indicate a poor prog- 
nosis, one must be certain that the low amplitude is due to 
abnormal brain activity and not due to other factors, such as 
soft tissue edema and/or neuroactive medications [20, 21]. 
To avoid misinterpreting increased distance between the 
electrode and brain as a low-amplitude recording, sensitivity 
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Figure 6.2 A discontinuous neonatal EEG contrasted with a burst suppression pattern. Top: This EEG from a 1-day-old full-term infant with hypoxic-ischemic injury 
is excessively discontinuous. IBls are greater than 6 seconds in duration, and activity in the IBI has amplitudes >5 uV. Bottom: This EEG from a full-term infant with early 
infantile epileptic encephalopathy due to an ARX mutation shows burst suppression. The IBls have amplitudes «5 uV, activity has no normal features, and the pattern 


is invariant. 

settings can be decreased - if normal waveforms and fre- While there is some literature indicating that select 
quencies appear, the low amplitude is not due to decreased background patterns have equivalent prognostic signifi- 
brain activity but is instead due to scalp edema or intracra- cance in preterm and full-term neonates, the majority of 
nial fluid. research on preterm EEG considers different prognostic 
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Table 6.2 Characterization of neonatal background continuity 


Normal discontinuity 


ormal activity + 
ormal IBI duration for age + 
BI voltage «25-50 uV pp 
Variability + 
Reactivity + 
pp, peak-to-peak. 


Abnormal EEG in the Intensive Care Unit 


Abnormal discontinuity 
Excessive discontinuity Burst suppression 


ty z 


markers and/or finds different prognostic value in features 
than when they are seen in term neonatal EEG. For exam- 
ple, in preterm neonates, an EEG with inactive or burst 
suppression pattern is associated with death or long-term 
disability [17, 22]. Most studies use IBI duration, dysma- 
turity, disorganization, positive Rolandic sharp waves, sei- 
zures, and sleep-wake cycling to predict outcomes [23-27]. 
Dysmaturity is typically defined as a 2 week or greater 
difference between EEG patterns and postmenstrual age 
(PMA) (Figure 6.3). Disorganization indicates a back- 
ground with distorted delta waves, abnormal sharp waves, 
and abnormal delta brushes (cogwheel shaped or beta is 
high amplitude and/or more spiky). 

Similar to the full-term infant, timing and serial EEGs 
improve prognostic accuracy. A normal EEG shortly after 
an acute event is more often associated with normal out- 
comes than an EEG obtained weeks later [28]. If the 
background pattern changes within a day from burst 
suppression or inactive to a nearly normal pattern, the 
prognosis improves [28]. One study combined severity of 
background abnormalities with persistence of the pattern 
and found a graded association between EEG severity on 
serial EEGs and neurodevelopmental outcomes at 2 years 
of age [27]. 

Neonatal background patterns can also be help iden- 
tify neonates at risk for seizures. Seizures are less likely 
with a normal background and are more likely with runs 
of epileptiform discharges [29-32]. In addition, back- 
ground patterns that are excessively discontinuous with- 
out state changes, burst suppression or inactive more 
likely to be associated with seizures [33]. 


Infants and Children 


The significance of EEG background patterns in infants 
outside the neonatal period and in older children is less 
well studied. Findings from adult and neonatal studies are 
often applied to older children, as it is likely there is 
overlap in the significance of specific background 
patterns. 

There are several pediatric studies on the role of EEG 
in predicting outcome after anoxia or cardiac arrest. A 


https://doi.org/10.1017/9781316536001.006 Published online by Cambridge University Press 


normal background confidently predicts a favorable neu- 
rological outcome [34]. Conversely, three background 
patterns are consistently associated with poor neurologi- 
cal outcome or death: burst suppression, low amplitude 
or suppressed EEG background, and lack of reactivity 
[34-41]. These patterns also have prognostic value in 
encephalopathy from other acute insults, such as ence- 
phalitis, or in infants with surgery for congenital heart 
defects, though literature for these populations is limited. 

Abnormal background patterns can be difficult to interpret 
in a variety of circumstances. A burst suppression pattern is 
not universally predictive of poor outcome, particularly if due 
to a reversible etiology (i.e., pharmacological, intoxication, 
metabolic) [42-44]. A low-voltage, slow, nonreactive back- 
ground may not predict poor outcome if seen in the setting 
of high doses of sedating or anesthetic medication. Finally, 
rhythmic coma patterns are likely to have a different prognos- 
tic value in children than they do in adults. In one study, there 
was no difference in etiology or outcome between theta, alpha, 
and beta coma patterns in children. Like other background 
patterns, outcome is more favorable when reactivity is present 
[45]. 

There are a few studies that suggest the time at which the 
EEG is obtained affects prognostic accuracy. For example, a 
normal or slow background within 12 hours of return of 
spontaneous circulation is more often associated with good 
outcomes than an EEG with the same patterns obtained later 
[34]. 

There has been some variability in definitions of these 
background patterns but the studies above and the ACNS 
terminology utilize the following criteria: Discontinuity is 
defined as a background with intervals of attenuation (>10 
uV but «5096 of background voltage) or suppression («10 
uV), present in 1096-4996 of the background (Figure 6.4). 
When the intervals of suppression make up «5096 of the back- 
ground, the pattern is described as burst suppression (Figure 
6.5). The suppression background is a pattern with activity 
persistently «10 uV (Figure 6.6). Reactivity has been defined as 
a change in background amplitude or frequency with stimula- 
tion [41]. 

Another potentially useful standardized characterization of 
the EEG background was adopted by the Pediatric Critical 
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Figure 6.3 EEG froma 1-day-old neonate born at 37 weeks 1 day via emergency caesarean section following gestation notable for preeclampsia. Initial concern for 
hypoxic-ischemic encephalopathy prompted therapeutic hypothermia. EEG appears dysmature, with excessive delta brushes for postmenstrual age, and absence of 


features typically seen in term neonatal EEG, such as encoche frontales. (Modifi 


Care EEG Group (PCCEG) in 2013 [46]. In a large multi- 
center study, background patterns from EEGs obtained in 
the pediatric intensive care unit (PICU) and cardiac inten- 
sive care unit (CICU) were grouped into normal-sleep, 
slow-disorganized, discontinuous, burst suppression, and 
attenuated-featureless (Figure 6.7). The slow-disorganized 
pattern is seen in abundance in the PICU and CVICU 
settings and includes a broad range of backgrounds 
(Figure 6.8). With this categorization, increased risk for 
electrographic seizures was seen with any background 
abnormality on the initial EEG [46]. 

Multiple studies suggest the EEG background is best used 
to provide prognostic information when combined with other 
assessments such as clinical exam, neuroimaging and evoked 
potentials [47, 48]. 


Seizures and Interictal Abnormalities 
Seizures 


The recent increased use of EEG monitoring has led to 
increased awareness of nonconvulsive seizures in critically ill 
patients. Seizures may be electroclinical, where a clinical 
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ed 10-20 neonatal montage, 7 uV, 20 sec/page.) 


seizure is coupled with a simultaneous EEG correlate. 
Seizures may alternately be electrographic-only, where an 
EEG seizure occurs without a clear clinical correlate. In the 
ICU, seizures are more commonly electrographic-only, espe- 
cially after administration of anti-seizure medications [49, 50]. 
By definition, an electrographic seizure is an abnormal, parox- 
ysmal, encephalographic event that differs from background 
activity and evolves in frequency, morphology, amplitude, or 
spatial distribution on EEG with a duration of at least 10 
seconds [3, 51]. It should be noted that while the neonatal 
literature has historically considered clinical seizures without 
EEG confirmation, more recent studies focus primarily on neo- 
nates with electrographic and electroclinical seizures [52-54]. 
Individual seizures are distinguished when there is at least 10 
seconds between events. Electrographic seizures can be identi- 
fied by evolving sharply contoured activity (Figure 6.9) or a 
more subtle buildup of rhythmic activity, often delta or theta 
frequency (Figure 6.10). Identifying a physiological field is an 
important step in distinguishing a seizure from rhythmic arti- 
fact. A physiological field manifests as activity in anatomically 
adjacent regions, while artifact often has synchronous activity in 
distant regions. In the ICU, studies are often reviewed at faster 
paper speed (e.g. 20 seconds per page vs. the standard 10 
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Figure 6.6 


EEG from a 4-year-old male. Diffuse suppression with activity persistently «10 uV. (Standard 10-20 montage, 5 uV, 10 sec/page.) 
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Figure 6.7 EEG from a 20-month-old male. Attenuated featureless background. (Standard 10-20 montage, 5 uV, 20 sec/page) 
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Figure 6.8 Two examples of slow-disorganized background. Top: EEG from a 13-month-old female. 30 uV, 20 sec/page. Bottom: EEG from a 13-year-old female. 
(Standard 10-20 montage, 5 uV, 20 sec/page.) 
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Figure 6.9 Electrographic seizure consisting of an abnormal, paroxysmal, encephalographic event that differs from background activity and evolves in frequency, 
morphology, voltage, and spatial distribution. The seizure arises in the left central and temporal channels with subsequent spread to surrounding regions. It is also 
visible on DSA at the bottom of the screen, with the pink marker indicating the corresponding segment on DSA. (Standard 10-20 montage, 20 uV, 20 sec/page.) 


seconds per page) to facilitate identification of seizures with slow 
evolution, and to facilitate the distinction between periodic 
discharges and the evolving discharges required for a seizure 
(Figure 6.10). Seizure identification is typically easier after the 
first few seizures are identified within a recording, as seizure 
morphology remains similar throughout a recording. Among 
patients who receive sedatives, paralytics and anti-seizure med- 
ications, seizures are more commonly electrographic-only. It is 
also worth noting the appearance of seizures can change after 
the administration of seizure medications, making them more 
subtle and difficult to recognize [20] (Figure 6.11). 

Continuous EEG monitoring (cEEG) provides the highest 
yield when there is video and audio accompaniment. Video 
review can help not only with documentation of clinical signs 
of seizures but also to distinguish rhythmic or periodic cerebral 
activity from EEG artifact. It should be noted that the video can 
miss subtle motor movements and/or vital sign changes that 
may be visible to a bedside observer. Family members and 
bedside caregivers should be encouraged to document clinical 
events of concern, and feedback should be provided as to 
whether these events are or are not confirmed to be electro- 
graphic seizures. 
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Status epilepticus is typically defined as a seizure of 30 
minutes' duration, or multiple seizures occurring over 30 min- 
utes without an intervening return to baseline. In 2012, the 
Neurocritical Care Society (NCS) proposed modifying the 
operational definition of clinical status epilepticus to convul- 
sions lasting longer than 5 minutes [55]. Adoption and wide- 
spread use of this definition are slowly increasing but it is not 
yet universally accepted. With the increase of digital EEG and 
continuous monitoring, a definition of electrographic status 
was needed. Currently, the definition of status epilepticus by 
EEG is single or recurrent electrographic seizures with total 
summed duration composing more than 5096 (30 minutes) of 
an arbitrary 1 hour epoch. With newer studies suggesting 
worse outcomes in patients with a maximum hourly seizure 
burden of as little as 12 minutes, the electrographic definition 
of status epilepticus likely underestimates the cut off for clini- 
cally a significant seizure burden [56, 57]. 

Electrographic status epilepticus can sometimes be difficult 
to identify. Early in status epilepticus with generalized tonic- 
clonic seizures, seizures are distinct on EEG but as the status 
epilepticus continues, the seizures merge and may appear more 
like waxing and waning frequencies of epileptiform discharges 
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Figure 6.10 EEG from a 13-month-old female. Electrographic seizure composed of evolving rhythmic delta. Comparison of (a) and (b) with (c) demonstrates how 
adjustment of display parameters may facilitate recognition of slower evolving rhythms. (a) and (b) are a continuation of the same seizure, displayed with a standard 
10-20 montage, sensitivity of 20 uV, and at 10 seconds per page/screen. (c) The same seizure at a faster paper speed, with subtle evolution more easily appreciated 


(20 seconds per page/screen). 
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Figure 6.10 (cont) 


rather than a seizure. As status epilepticus continues, the 
activity may evolve to have the appearance of rhythmic dis- 
charges and there may be no associated clinical change. Even 
later in status epilepticus, there may be periods of flattening of 
the EEG and finally the EEG pattern may evolve to periodic 
discharges [58]. When a patient with encephalopathy is found 
to have any of these patterns, one should consider whether 
these patterns are reflective of electrographic status epilepticus 
and thus potentially responsive to administration of seizure 
medications. 


Interictal Epileptiform Discharges 


Interictal epileptiform discharges are transient waveforms 
that stand out from the surrounding background activity. 
Like a seizure, the presence of a physiological field makes it 
more likely that the discharges are due to abnormal brain 
activity rather than artifact. Neonatal interictal epilepti- 
form discharges are defined slightly differently from those 
of children and adults. Spikes have a duration of «100 
milliseconds for neonates, rather than «70 milliseconds as 
in children and adults. Sharp waves are 100-200 millise- 
conds in duration in neonates and 70-200 milliseconds in 
children. 

A key distinction is that while typically any epileptiform 
discharge is considered abnormal in children, some sharp 
discharges occur often in normal neonates, particularly in 
quiet sleep. For this reason, quantification of sharp waves to 
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determine whether they are normal or excessive should only be 
performed during wakefulness or active sleep in neonates, and 
never during quiet sleep. Neonatal sharp wave discharges are 
more likely to be abnormal if they are excessive in number, if 
unifocal, if occurring in runs (23 in a row), or they occur in the 
less typical frontal, vertex, or occipital locations (Figure 6.12). 
Epileptiform discharges are typically negative in polarity and 
thus adjacent channels have waveforms that point toward each 
other. In contrast, positive sharp waves point away from each 
other and are often due to artifact in children. In a neonate, 
epileptiform discharges at the vertex with spread to the 
Rolandic regions are characteristic of, but not exclusive to, 
abnormal brain activity resulting from white matter injury 
and are called positive Rolandic sharp waves (Figure 6.13) 
[29, 59]. 


Brief Rhythmic Discharges 


Another pattern seen in neonates is brief rhythmic dis- 
charges (BRDs) (Figure 6.14). This transient pattern has 
the same features as a seizure, but lasts less than 10 
seconds [3]. The presence of BRDs should raise very 
high suspicion for seizures, as they are most often (but 
not exclusively) seen in neonates who also have seizures. 
The significance of BRDs without seizures is uncertain, 
though at least one study reports neonates with isolated 
BRDs had similar adverse outcomes as neonates with 
seizures [60]. 
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Figure 6.11 Evolution ofa seizure before and after medication administration. (a) and (b) Electrographic seizure (standard 10-20 montage, 20 uV, 20 sec/page). (c) and 
(d) Electrographic seizure in the same patient after seizure medication administered. Note the change in amplitude and morphology, with evolution less apparent. 
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Figure 6.11 (cont) 
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Figure 6.12 Full-term neonate with cerebral dysgenesis and runs of spike and wave discharges (negative polarity) at the right central region. The waveforms at 
channels 3 and 4 and 11 and 12 point toward each other, indicating a negative polarity. (Modified 10-20 neonatal montage, 20 uV, 20 sec/page.) 


Figure 6.13 EEG from a 6-week-old infant, born at 26 weeks’ gestation (postmenstrual age 32 weeks). Early course was complicated by left intraventricular 
hemorrhage. EEG shows positive sharp waves at C3 extending to T3. (Modified 10-20 neonatal montage, 7 uV, 20 sec/page.) 
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Figure 6.14 EEG from the first day of life in a neonate born at 35 weeks, presenting with hypoxic-ischemic encephalopathy due to placental abruption. EEG shows 
brief rhythmic discharges at C3: while these are paroxysmal and evolving, they are not sustained long enough to constitute seizure. This patient did have seizures at 
other points in the recording. (Modified 10-20 neonatal montage, 7 uV, 15 sec/page.) 


In older infants and children, interictal epileptiform dis- 
charges, periodic discharges, and rhythmic delta activity are all 
associated with an increased risk for seizures [50]. 


Quantitative EEG 


With the increased use of digital EEG monitoring has come a 
variety of quantitative EEG (QEEG) tools that can be used to 
increase the efficiency of EEG screening by neurophysiologists. 
QEEG can also be used as a bedside tool for clinicians for real 
time identification of background changes and potential sei- 
zures. The QEEG format or trend that is most extensively used 
in the ICU is the amplitude-integrated EEG (aEEG), which is 
widely used in neonates. 


Amplitude-Integrated EEG (aEEG) 


Amplitude-integrated EEG (aEEG) was originally devel- 
oped to evaluate depth of anesthesia in adults, but was 
subsequently embraced by neonatologists as a bedside 
tool to monitor brain function and detect seizures (mar- 
keted as a CFM: cerebral function monitor). The aEEG 
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graphically displays EEG amplitude on a linear scale from 
0 to 10 microvolts (to emphasize lower voltages), and a 
logarithmic scale from 10 to 100 microvolts. The aEEG can 
be displayed continuously at the bedside, and is intended 
for real time review and interpretation, to allow clinicians 
to detect significant background changes or seizures. While 
not as widely used in the PICU as in the NICU, the 
principles are the same for neonates and older children. 
Two main systems guide the interpretation of aEEG to 
predict outcomes after hypoxic-ischemic injury in term neo- 
nates (Table 6.3). The voltage characterization system is sim- 
pler, using three categories solely based on the predominant 
voltage of the activity band. The pattern classification system 
incorporates voltage and pattern recognition and has five cate- 
gories. While requiring more user expertise, the pattern classi- 
fication system has a higher specificity and positive predictive 
value than the voltage classification system for predicting a 
poor outcome in term neonates. Both systems have similar 
ability to predict a good outcome in term neonates. 
Comparing these two systems, both consider a persistently 
low-voltage aEEG to be the most severe abnormality, with the 
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Table 6.3 Comparison of two neonatal aEEG classification systems 


Voltage system Pattern system 


Category Lower margin Upper margin Lower margin Upper margin Category 
Normal >5 uv >10 uV 5 to 10 pV 10 to 50 uV Continuous normal 
voltage (CNV) 
Moderately «5 uV >10 uv «5 uv >10 uV Discontinuous normal 
abnormal voltage (DNV) 
0-2 uV >25 UN Burst suppression (BS) 
invariant 
Suppressed «5 UV <10 uV <5 uV <5 uV Low voltage (LV) 
aunt Haven «5 UV «5 uV nactive, flat trace (FT) 


voltage system using a criteria of «10 uV for the upper margin 
and the pattern system using around 5 uV or less. The pattern 
system further divides the most severe abnormalities into low- 
voltage (LV) or inactive, flat trace (FT). The LV and FT pat- 
terns have similar upper and lower margin values, resulting in 
a low-voltage, narrow band of activity (bandwidth) (Figure 
6.15). The systems are also similar in their characterization of 
normal aEEG, where a lower margin of >5 uV and upper 
margin of >10 uV is used for both “normal voltage" and 
"continuous normal voltage" (CNV) patterns. The systems 
diverge with the voltage system moderately abnormal voltage 
category. Moderately abnormal voltage aEEG background is 
associated overall with abnormal outcomes. However, this 
category has upper and lower margin voltages that are the 
same as the pattern system category of discontinuous normal 
voltage (DNV), which is associated with good outcomes. At the 
same time, some moderately abnormal voltage tracings with 
the same amplitude criteria correspond to the pattern of burst 
suppression (BS), which is associated with poor outcomes (see 
Table 6.3). In the pattern system, the BS lower margin value of 
0-2 uV is much lower than DNV, and, unlike DNV, tends not 
to vary over hours. In addition, the BS upper margin of >25 uV 
is much higher than the DNV pattern. The larger difference 
between the upper and lower margin values can result in a 
wider BS bandwidth than DNV. When both have a very wide 
bandwidth, the variation over hours in amplitude of the DNV 
lower margin helps distinguish DNV from BS. The two pat- 
terns are also distinguishable since the BS longer inter-burst 
intervals result in spaces in between the bursts that give the 
appearance of the teeth on a comb (Figure 6.15). Regardless of 
the classification system used, at least two channels (C3, P3, 
C4, P4) are needed to detect unilateral abnormalities [61]. 
Superimposed upon aEEG background patterns are sleep- 
wake cycles. Normal sleep-wake cycling results in regularly 
alternating changes of amplitude and bandwidth. Sleep-wake 
cycles are not used for classifying aEEG in the voltage system. 
In comparison, the pattern classification system characterizes 
varying degrees of sleep-wake cycling. Normal sleep-wake 
cycling alternates between CNV and DNV, corresponding to 
awake or active sleep and quiet sleep, respectively. Immature 
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sleep-wake cycling has some fluctuation, but poor cyclic var- 
iation of the lower margin amplitude (Figure 6.16). It is helpful 
to recognize that there are some terms used with different 
meanings when describing aEEG as compared to when 
describing full EEG. For example, an aEEG tracing might 
meet criteria for the descriptor "burst suppression" if baseline 
amplitudes are low and individual bursts rise sharply above 
on the activity band, even as the corresponding full EEG 
might not meet all the criteria for true burst suppression if 
there is reactivity or variability. Normal and severely abnor- 
mal patterns are more likely to have the same appearance on 
aEEG and EEG [62-65]. Moderately abnormal amplitude and 
burst suppression patterns on aEEG do not correlate as well 
with raw EEG. Similar to full array EEG, the prognostic value 
of aEEG improves when assessed over multiple time points 
[66, 67]. 

The above systems only apply to term neonates; other aEEG 
classification systems are used for characterizing patterns in 
premature neonates. All take into account the expected 
increase in continuous activity with increasing postmenstrual 
age (PMA) [68-70]. In addition, all characterize the increase in 
minimum amplitude (lower margin on aEEG) with increasing 
postmenstrual age. Because the premature infant has very low 
amplitude-inter-burst interval activity and long inter-burst 
intervals, the aEEG in a normal preterm neonate can look 
somewhat similar to the BS pattern in a full-term neonate 
(Figure 6.17). Currently there is no single system utilized for 
predicting outcomes based on aEEG in preterm neonates. 

Amplitude-integrated EEG is used widely for seizure detec- 
tion. The two channel aEEG (typically including channels C3- 
P3 and C4-P4), when combined with review of the source EEG 
tracing, detects up to three-quarters of neonates having sei- 
zures [71]. Single channel aEEG using central or parietal elec- 
trodes can detect 12-5496 of individual seizures [31, 72]. 
Frontally placed aEEG electrodes, while easily placed and visi- 
ble, have lower rates of seizure detection and should be avoided 
[73]. While aEEG cannot identify all seizures, the evidence 
suggests that 57%-100% of neonates with seizures will have 
at least one seizure detectable on aEEG [31, 62, 64, 71]. The 
exact sensitivity for seizure detection in a given patient 
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Figure 6.15 aEEG and corresponding EEG from a 4-year-old male with febrile infection-related epilepsy syndrome (FIRES), undergoing pentobarbital-induced 
pharmacological coma. (a) aEEG shows alternating burst suppression pattern [arrow], with voltages at baseline 0-2 uV interspersed with upward deflections of 15-25 
uV, having the appearance of teeth of a comb. Brief segments of aEEG show flat trace pattern [circle], with amplitudes entirely under 5 uV for both the upper and 
lower margins. The vertical line indicates where the corresponding EEG is sampled. (b) The corresponding EEG, showing burst suppression. (Double distance 
electrodes, 7 uV, 20 sec/page.) 


https://doi.org/10.1017/9781316536001.006 Published online by Cambridge University Press 


LIIIIIIII —— 


Abnormal EEG in the Intensive Care Unit 


"""auuusaus 
= I LM 


desssssedess 


DIDIT 
CEEETEEETETI 


qe 


' 
g 

ji 
. 
. 
. 

zu 
. 
. 
. 
. 
. 
. 
. 
Li 


Figure 6.16 Immature sleep-wake cycling. aEEG shows bandwidth with initially narrower bandwidth in the first half of the display, then a wider bandwidth. 
However, the typical features of normal sleep-wake cycling, such as a sinusoidal pattern, are not established. 


depends in part on user experience, and in part on seizure 
characteristics. Shorter seizures are less likely to appear on 
aEEG, and seizures outside the central or parietal regions 
may not be detectable on aEEG. 

In any age group, seizures can be identified on aEEG by 
elevation in the lower margin of the activity band, often accom- 
panied by elevation in the upper margin giving an arch-like 
appearance. This occurs because seizures result in an abrupt 
increase in overall amplitude (Figure 6.18). Stretching out the 
aEEG display to show fewer hours per screen (e.g., 1 or 2 hours 
rather than 4-8 hours per screen) may increase the sensitivity 
of seizure detection [72]. Seizures most likely to be missed on 
aEEG include those that are less than 30 seconds in duration, 
those that are focal, and those with the amplitude is less than 
twice that of the background activity (Figure 6.19) [31, 64, 71, 
72]. Review of the corresponding EEG tracing is essential when 
assessing for possible seizures on aEEG, because artifact can 
mimic seizures on aEEG [62, 71, 72, 74, 75]. For example, 
muscle artifact in full-term infants can mimic seizures [74]. 
While the source is unclear, preterm infants also can have 
artifact that mimics seizures [76]. 


Other QEEG Techniques 


Quantitative EEG does not yet have as widespread use by 
intensivists in the PICU and CVICU as does aEEG in the 
NICU, though this is changing. Color Density Spectral Array 
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(CDSA) and aEEG are regularly used by neurophysiologists in 
older infants and children for seizure detection. Likewise, 
QEEG adoption by intensivists is increasing as continuous 
EEG monitoring becomes more prevalent [77-79]. There is 
evidence that non-neurophysiologists in the PICU can suc- 
cessfully use CDSA to detect seizures [80]. Adult ICU 
studies also suggest that aEEG may also be useful for 
seizure detection by both neurophysiologists and non-neu- 
rophysiologists [81-83]. Similar to neonates, these modal- 
ities can be useful for assessing dynamic background 
changes and allow for quick assessment of a physiological 
state (Figure 6.20). 


Conclusion 


EEG has many uses in the ICU setting; identification of 
abnormal patterns is useful across ages and diagnoses. 
Background patterns are useful for prognostication and can 
also direct clinical decisions. Certain EEG abnormalities can 
alert the clinician to a new cerebral injury or to risk for 
seizures. EEG is essential for seizure detection in ICU 
patients. Quantitative EEG trends are used most often to 
assist with seizure detection, but also facilitate a quick sum- 
mary of changes in background patterns that could be clini- 
cally significant. The combined use of EEG and quantitative 
EEG can be an important tool in managing ICU patients with 
cerebral dysfunction. 
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Figure 6.17 EEG and corresponding aEEG from a 35-week postmenstrual age (PMA) twin with aortic coarctation, during hypothermia therapy for hypoxic-ischemic 
encephalopathy. Top: The EEG is excessively discontinuous. Bottom: The aEEG has a somewhat comb-like appearance because the IBI duration on EEG is longer, up to 
15 seconds. However, the aEEG pattern is DNV and not BS because the lower margin varies between 2 and 5 V, unlike the invariant 0-2 uV lower margin of the BS. 
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FIGURE 6.18 aEEG and EEG from a term-born neonate with hypoxic-ischemic encephalopathy. (a) aEEG demonstrates two seizures [arrows] over a 4-hour interval. 
Note the elevation of the lower margin of the activity band. (b) Corresponding EEG shows generalized seizure. (c) Later in aEEG recording, seizures are frequent, with 
multiple arc-shaped elevations of the lower margin, each representing individual seizures for this patient. 
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Figure 6.18 (cont) 
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Figure 6.19 Term-born neonate with hypoxic-ischemic encephalopathy. Top: Left frontal seizures visible on full EEG [rectangle] Bottom: are not visible on 


corresponding aEEG. 
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Figure 6.20 State changes on EEG and corresponding aEEG [arrows] from a 2-year-old female with tuberous sclerosis. (a) Wakefulness has overall lower amplitude 
activity and a narrower bandwidth on corresponding aEEG [arrow]. (b) Sleep is characterized by higher amplitude activity on EEG and corresponding aEEG [arrow]. (All 
EEG standard 10-20 montage, 7 UV, 20 sec/page.) 
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Figure 6.20 (cont) 
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Practice of Neuromonitoring: Neonatal Intensive Care Unit 


Illustrative Cases 
Case 2 Neonatal Hypoxic-Ischemic Encephalopathy 


Case 5 Neonatal Birth Trauma 


Key Points 

e EEG is essential to grade the severity of neonatal 
encephalopathy, monitor response to anti-seizure therapy, 
and to predict outcome early in the neonatal period in infants 
with NE. 

e EEG evolution and outcome prediction is altered by 
therapeutic hypothermia. 

e Seizures are common in NE and seizure burden is altered by 
hypothermia. 

e EEG and aEEG can assess severity of NE and predict outcome 
more accurately than clinical assessment alone. 


Neonatal Encephalopathy 


Clinical Presentation 


Neonatal encephalopathy (NE) is the term used to describe 
persistent neurological dysfunction evident in the first few days 
after birth. The commonest cause of NE is hypoxia-ischemia, 
but a similar clinical presentation may occur in conditions 
such as sepsis, inborn errors of metabolism and epileptic ence- 
phalopathies [1]. In this chapter we will focus primarily on 
neonatal hypoxic-ischemic encephalopathy (HIE), which 
occurs following significant perinatal asphyxia and is the com- 
monest cause of neonatal encephalopathy. The clinical presen- 
tation of HIE is that of a neonate, either term or preterm, who 
is unresponsive at birth, with low Apgar scores, requiring 
significant resuscitation in the first minutes of life. This pre- 
sentation is usually associated with a mixed respiratory and 
metabolic acidosis, with pH « 7.10, increased base deficit, and 
an increased serum lactate. It is important to note that none of 
these biochemical markers can provide definitive diagnosis, 
and individually they have low positive predictive values for 
the development of HIE [2]. For the diagnosis of HIE, neonates 
must also develop an evolving encephalopathy with clinical, 
EEG and/or MRI abnormalities consistent with hypoxic- 
ischemic injury [3, 4]. All neonates should be screened for 
sepsis, and EEG monitoring will assist in ruling out persistent 
metabolic or epileptic encephalopathies. The severity of the 
subsequent encephalopathy predicts the risk of long-term dis- 
ability. The commonest neurological assessment system, based 
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on the grading system proposed by Sarnat, categorizes severity 
of encephalopathy into one of three grades: mild, moderate, or 
severe. While the original Sarnat system was based on neuro- 
logical status at 24 hours after birth, modified structured clin- 
ical assessment tools such as the Thompson score can be used 
to track the evolution of the encephalopathy over time [5, 6]. 
Assessment of neurological status and prediction of outcome is 
extremely difficult using clinical assessment alone; EEG mon- 
itoring can be very helpful. 


Global Burden of Disease 


The greatest burden of disease is in low- and middle-income 
countries. Worldwide, 10 million neonates will suffer perinatal 
respiratory depression, of which 1.15 million will develop 
clinical encephalopathy. In countries with low neonatal mor- 
tality rates (NMR) («5) the incidence of neonatal encephalo- 
pathy is 1.6 per 1000 births. This rises to 12.1 per 1000 
deliveries in countries with high NMR (>15) [7]. It is estimated 
that 2396 of neonatal deaths worldwide can be attributed to 
asphyxia. This equates to nearly 1 million neonatal deaths per 
year. In countries with high NMR, the death rate is 8 times that 
of countries with low NMRs [8]. 


EEG/aEEG Use in NE 


Electroencephalography (EEG) is extremely useful in NE. 
Neonates with a significant encephalopathy may be very sick 
and unable to tolerate long periods of handling; EEG may 
provide information about neurological function even when 
a clinical examination is limited. Because of the smaller head 
size in neonates as compared to adults and older children, a 
reduced number of EEG recording electrodes is typically used 
for neonatal monitoring, as is detailed in guidelines such as 
those by the American Clinical Neurophysiology Society [9]. 
The acquisition of other physiological signals including elec- 
trocardiogram (ECG) and respiratory movement patterns are 
recommended when monitoring neonates with encephalopa- 
thy. Eye movement (electrooculogram) and surface electro- 
myography (EMG) can also be very useful. We have found 
simultaneous video monitoring to be invaluable during neo- 
natal EEG monitoring to help identify subtle clinical seizure 
manifestations and distinguish artifacts [10, 11]. 

Neonatal EEG is advancing with improvements in sensor 
and digital technology. Recordings can now continue for sev- 
eral days due to increased digital storage capacity on most EEG 
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on the grading system proposed by Sarnat, categorizes severity 
of encephalopathy into one of three grades: mild, moderate, or 
severe. While the original Sarnat system was based on neuro- 
logical status at 24 hours after birth, modified structured clin- 
ical assessment tools such as the Thompson score can be used 
to track the evolution of the encephalopathy over time [5, 6]. 
Assessment of neurological status and prediction of outcome is 
extremely difficult using clinical assessment alone; EEG mon- 
itoring can be very helpful. 
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countries. Worldwide, 10 million neonates will suffer perinatal 
respiratory depression, of which 1.15 million will develop 
clinical encephalopathy. In countries with low neonatal mor- 
tality rates (NMR) («5) the incidence of neonatal encephalo- 
pathy is 1.6 per 1000 births. This rises to 12.1 per 1000 
deliveries in countries with high NMR (>15) [7]. It is estimated 
that 2396 of neonatal deaths worldwide can be attributed to 
asphyxia. This equates to nearly 1 million neonatal deaths per 
year. In countries with high NMR, the death rate is 8 times that 
of countries with low NMRs [8]. 


EEG/aEEG Use in NE 


Electroencephalography (EEG) is extremely useful in NE. 
Neonates with a significant encephalopathy may be very sick 
and unable to tolerate long periods of handling; EEG may 
provide information about neurological function even when 
a clinical examination is limited. Because of the smaller head 
size in neonates as compared to adults and older children, a 
reduced number of EEG recording electrodes is typically used 
for neonatal monitoring, as is detailed in guidelines such as 
those by the American Clinical Neurophysiology Society [9]. 
The acquisition of other physiological signals including elec- 
trocardiogram (ECG) and respiratory movement patterns are 
recommended when monitoring neonates with encephalopa- 
thy. Eye movement (electrooculogram) and surface electro- 
myography (EMG) can also be very useful. We have found 
simultaneous video monitoring to be invaluable during neo- 
natal EEG monitoring to help identify subtle clinical seizure 
manifestations and distinguish artifacts [10, 11]. 

Neonatal EEG is advancing with improvements in sensor 
and digital technology. Recordings can now continue for sev- 
eral days due to increased digital storage capacity on most EEG 
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Figure 7.1 aEEG (top) and multichannel EEG from a healthy term baby. The aEEG is a compressed signal displaying 5 hours of aEEG activity and well-developed 
sleep cycles. The EEG (bottom) shows 25-second snapshots during a quiet sleep period (A) and an active sleep period (B). 


machines or through direct server storage. Algorithms are in 
development for automated assessment of background patterns 
and for the identification of seizures. Of utmost importance, 
remote access to review the network-connected cot-side EEG as 
it is recording is now possible at many hospitals. A number of 
manufacturers have developed neonatal specific EEG sensors/ 
electrodes to facilitate neonatal EEG monitoring, making it 
more accessible for units that do not have 24-hour neurophysiol- 
ogy available [12]. However, multichannel EEG does require 
careful attention to electrode application to ensure low electrode 
impedance and a low artifact level. Artifact occurs frequently in 
neonates due to patient movement or displacement of the EEG 
electrodes or leads. Therefore, it is imperative that experienced 
neurophysiologists and neurologists, skilled in the visual analysis 
of newborn EEG and in the recognition of neonatal seizures and 
identification of artifacts, interpret the EEG of neonates with 
encephalopathy. 

In addition to neurophysiologist review of full EEG record- 
ings, rapid bedside screening is possible with the use of ampli- 
tude-integrated EEG (aEEG). The modern aEEG system 
provides two-channel EEG monitoring and displays both the 
aEEG trend and the raw EEG signals for each channel. These 
allow superior accuracy to the older machines that displayed a 
single aEEG channel only [13]. The aEEG is an algorithm that 
filters, rectifies, smooths, and plots the raw EEG signal on a 
semi-logarithmic scale. The aEEG tracing is then displayed in a 
time-compressed manner, so that many hours of recording can 
be displayed on a single screen (Figure 7.1). Though aEEG is 
most often interpreted by neonatologists and bedside care- 
givers, it does require training for accurate interpretation. 
Amplitude-integrated EEG is excellent for providing an over- 
view of the EEG background activity, identifying sleep-wake 
cycles, and for identifying more widespread, prolonged, and 
recurrent seizures. 
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EEG Abnormalities and Evolution in NE/HIE 


In contrast to the EEG of the healthy term newborn in the 
immediate postnatal period [14, 15], EEG patterns in new- 
borns with HIE are characteristically abnormal, similar to 
those seen in animal models of HIE [16]. A normal EEG 
from a term newborn in the first 24 hours should display 
continuous mixed frequency activity in the 25-100 uV range, 
with well-developed cycles of sleep alternating with wakeful- 
ness (Figure 7.2). In HIE, the severity of the abnormalities seen 
will depend on the timing of the EEG and the severity of the 
initial insult. Immediately following significant hypoxia and/or 
ischemia, the EEG becomes suppressed. In mild HIE, the EEG 
amplitude recovers quickly. In many cases of mild HIE, by the 
time the EEG is recorded at 4-6 hours after birth, the EEG is 
continuous. However, in these milder cases, sleep-wake cycles 
are typically disrupted, the EEG may be of lower amplitude, 
and normal features (such as anterior slow waves) may be 
absent. Rapid recovery of the EEG is associated with a good 
prognosis [17]. In moderate HIE, the EEG may remain sup- 
pressed for a longer time after delivery (Figure 7.3). As recov- 
ery begins, bursts of EEG activity are seen, alternating with 
periods of EEG suppression, constituting a discontinuous pat- 
tern (Figure 7.4). During this period of EEG recovery, seizures 
often occur. The most common time for postnatal seizures to 
occur is 18-20 hours after birth, though seizures may occur 
earlier or later than this [18]. In severe HIE, the EEG may 
remain suppressed for much longer; in very severe cases the 
EEG may not recover (Figure 7.5). Early return of sleep-wake 
cycles is a good prognostic sign. Studies using early continuous 
EEG in neonates have allowed demonstration of this gradual 
recovery of EEG activity [19]. 

Many EEG grading systems have been reported in the 
literature, with varied timings and durations of recordings; 
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Figure 7.2. Showing relationship between aEEG and continuous multichannel EEG (CEEG) in a term neonate. The aEEG is a compressed trace which can display 
many hours of EEG on one screen (8 hours in this case). The black arrow demonstrates the point on the aEEG which corresponds to the raw cEEG tracing below. The 
CEEG shows the EEG on a second-by-second basis, allowing the observer to interrogate the frequency content of the signal and also symmetry and synchrony. The 


aEEG provides an overall summary of the EEG showing amplitude characteristics very well and also the presence or absence of sleep cycling. 


however, very few have used early continuous EEG monitoring 
and related the background EEG pattern to outcome [20]. 
Using the grading system of Pressler displayed in Table 7.1 
(a), EEG correlated well with neurodevelopmental outcome at 
2 years in a non-cooled cohort of neonates with HIE [17, 19]. 
An alternative grading system by Holmes (Table 7.1[b]) has 
also been used to correlate EEG with MRI findings in a cohort 
of neonates who were cooled for HIE (Nash et al. 2011). It is 
clear that in both cooled and noncooled cohorts, the prognos- 
tic ability of individual grades depends greatly on the timing of 
the recording. Even a very low-voltage recording at 6 hours 
after birth may subsequently recover; if normalized by 
24 hours, this can still be associated with a good prognosis. 
In contrast, a very low-voltage recording at 24 hours is almost 
universally associated with a poor outcome (death or severe 
motor disability). The prognostic utility of a moderately 
abnormal EEG varies considerably depending on the time it 
is recorded; it is only reliably predictive of a poor outcome if 
still present at 48 hours [19, 21]. For these reasons, is essential 
to begin EEG recording as soon as possible in neonates with 
HIE and to continue monitoring for at least 48 hours. This 
ensures that accurate information on the severity of the initial 
hypoxic-ischemic encephalopathy is available, that the evolu- 
tion of the encephalopathy can be assessed, that the seizures 
can be identified quickly and treated promptly, and that useful 
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prognostic information is available in the immediate postnatal 
period. 


aEEG Abnormalities in NE/HIE 


Amplitude-integrated EEG is a commonly used method of 
EEG monitoring in the NICU, with modern systems generally 
displaying two aEEG channels and their associated raw EEG 
signals [22]. Two aEEG grading methods are commonly used 
for neonates. The amplitude method, described by al Naqeeb et 
al in 1999, is based exclusively on the upper and lower voltage 
of the aEEG band [23]. The pattern recognition method clas- 
sifies the aEEG pattern into one of five grades based on recog- 
nition of patterns indicating continuity, amplitude, and bursts 
[24]. These grading systems are summarized in Table 7.2. The 
amplitude method is considered easier to interpret and 
requires less training as compared to the pattern-based 
method. However, it may provide less detailed information 
than pattern recognition, particularly by an expert eye [25]. 
The amplitude-based grading system was previously used as a 
method to assess for encephalopathy and thus determine elig- 
ibility for the largest randomized trial of therapeutic hypother- 
mia for HIE [26]. However, as cooling has now become the 
standard of care in the developed world, aEEG's role in identi- 
fying those who will benefit from cooling has been questioned 
[27]. Continuous normal voltage (CNV) and Discontinuous 
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seizure period Figure 7.3 Typical recovery of EEG activity following moderate 
NES hypoxia ischemia during labor in a full-term infant. EEG monitoring 
commenced at 3 hours after birth and seizures emerged at 12 
hours; they were treated with phenobarbitone [red arrow]. 
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Figure 7.4 Changes in the EEG in moderate HIE over time. A. Initially flat trace within 6 hours of birth. B. Bursts of activity return after several hours. C. seizures appear 
at 12-24 hours. D. the EEG eventually becomes more continuous by 36 hours. 


normal voltage (DNV) patterns are usually associated with a with a poor prognosis, though their reliability for prognosis 

good outcome. Burst suppression patterns (BS), continuous again depends on the time of recording after birth. 

low-voltage (CLV), and flat trace (FT) patterns are associated While neither aEEG grading system includes information 
about sleep-wake cycling (SWC) as a specific criterion, the 
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Figure 7.5 Picture A shows the neonatal EEG of a term neonate following a hypoxic-ischemic insult. EEG shows a mild-moderate pattern with reduced amplitude 
and disrupted sleep cycles in aEEG. A clear moderately abnormal EEG pattern is seen in B showing a discontinuous background pattern, note lower Border of aEEG is 
ess than 5 uV. A severe pattern is seen in picture C, showing a low-voltage burst suppression pattern, both upper and lower borders of the aEEG are reduced «5 to 


«10 uV. In picture D, the EEG is completely suppressed and respiration artifact is evident, note the very reduced baseline on aEEG with overall amplitude less than 


5 WV. 


aEEG is extremely useful for the rapid visual recognition of 
SWC (Figure 7.2). A characteristic pattern of intermittent 
amplitude variation can be seen as the neonate alternates 
through periods of wakefulness, quiet sleep and active sleep 
[15]. The presence, or early return, of SWC following a 
hypoxic-ischemic insult is a good prognostic sign [28]. 

Both aEEG grading systems have been extensively reported 
and shown to correlate well with outcome in the pre-cooling 
era, where prognosis could be identified at 6 hours in 9096 of 
neonates [29]. Prognostication using aEEG in the era of ther- 
apeutic hypothermia is more uncertain [30]. There can be 
considerable disagreement between individual grades of HIE 
on the multichannel EEG and aEEG [31]. Artifacts are also a 
problem during aEEG monitoring; certain artifacts (such as 
ventilator artifact) can elevate the amplitude of the aEEG base- 
line, making the aEEG difficult to grade (Figure 7.6) [32]. 
Visualization of the concurrent raw EEG signals is therefore 
essential to check for potentially misleading artifact. However, 
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aEEG may still provide useful information regarding the neu- 
rological status of neonates, and furthermore allows detection 
of subclinical seizures that would otherwise have gone unde- 
tected in the absence of monitoring [25]. Detailed outcome 
prediction in cooled and uncooled cohorts are discussed 
further below. 


Use of EEG to Differentiate HIE from Other 
Causes of NE 


Neonatal encephalopathy has a number of causes, not only 
hypoxia-ischemia. Clinical presentations of NE similar to 
that of HIE may occur with sepsis, stroke, inborn errors of 
metabolism, and epileptic encephalopathies. All may result in a 
neonate with a poor condition at birth, with a requirement for 
resuscitation and metabolic acidosis. However, other causes of 
NE can usually be ruled out by careful biochemical, microbio- 
logical, and genetic investigation. This process can take time. 
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Figure 7.6 Examples of neonatal EEG and aEEG artifact 


A. Intermittent ECG artifact causing an increase in the aEEG background. B. Respiration artifact on a severely suppressed background EEG pattern (note same 
frequency as respiratory channel). C. Clonus in a term baby with severe causing fast frequency movement artifact on the EEG and increasing the aEEG baseline. D. 
External mechanical artifact on all channels (note also on ECG channel) causing a slow high-voltage periodic artifact which has elevated the upper margin of the aEEG 
trace. When this artifact was eliminated, the baseline revealed a very suppressed background pattern. 


Continuous multichannel EEG in the early postnatal period 
can be useful to help differentiate HIE and other causes of NE. 
In HIE, the evolving pattern described above is typically seen, 
except in those very severe cases where an isoelectric EEG is 
present that never recovers. Inborn errors of metabolism are 
characterized by a more static abnormal EEG pattern, which 
may worsen over time rather than recover. Seizure types and 
EEG/aEEG backgrounds patterns can be very different from 
those seen in HIE (Figure 7.7), which may help in diagnosis 
and differentiation [33]. In neonatal encephalopathies due to 
epileptic encephalopathy, such as early infantile epileptic ence- 
phalopathy or in early myoclonic encephalopathy, EEG pat- 
terns are very different from those seen in HIE. Epileptic 
encephalopathies feature EEGs characterized by high-voltage, 
often chaotic background activity interspersed with intractable 
seizures or a burst suppression pattern [34] (Figure 7.7). 
Neonates with other congenital disorders such as Zellweger 
syndrome or brain malformation disorders will also present in 
the neonatal period with encephalopathy; in these cases, the 
background EEG pattern is also very different to the patterns 
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seen in HIE (Figure 7.7). In summary, EEG can often help 
differentiate between different types of neonatal encephalo- 
pathy, particularly when HIE is included in the differential. It 
remains imperative that a good clinical history is obtained 
and a full neurological examination of the baby is performed. 
In addition to these, when the evolution of EEG background 
over the first hours and days does not fit the pattern typical of 
HIE, other etiologies for the encephalopathy should be 
considered. 


Effects of Sedation and Other Neuroprotective 
Agents on EEG/aEEG Findings 


Background EEG patterns may be significantly affected by the 
administration of sedative, analgesic, or anti-seizure medica- 
tions. Most studies on the topic agree that medications, such as 
phenobarbital, benzodiazepines, and morphine, all affect the 
neonatal EEG and aEEG [35, 36], resulting in decreased ampli- 
tude and increased discontinuity. Notably, these effects tend to 
be more pronounced in neonates with already impaired 


Neonatal Encephalopathy 


Table 7.1 Classification of EEG background activity: grading systems for early EEG findings reported by (a) Pressler et al' and (b) Holmes et al? that have been 
shown to correlate with long-term outcomes following neonatal hypoxic-ischemic encephalopathy 


(a) Pressler System 


Grade 
0 


Findings 


ormal EEG findings 


ormal/mild abnormalities 


oderate abnormalities 


ajor abnormalities 


nactive EEG findings 


(b) Holmes System 


Description 


Continuous background pattern with normal physiological features such as anterior slow 
waves 


Continuous background pattern with slightly abnormal activity (e.g., mild asymmetry, mild 
voltage depression, or poorly defined SWC) 


Discontinuous activity with IBI of «10 seconds, no clear SWC, or clear asymmetry or 
asynchrony 


Discontinuous activity with IBI of 10-60 seconds, severe attenuation of background patterns, 
or no SWC 


Background activity of «10 uV or severe discontinuity with IBI of >60 seconds 


Transient periods of discontinuous activity occupying less than 5096 of the recording, with 


Discontinuous activity occupying more than 5096 of the recording and consisting of bursts 
of normal activity separated by abnormally long, inter-burst intervals of more than 6 
seconds’ duration, and amplitude between «25 and »5 uV, with poor state changes 


Persistently low-voltage background activity with amplitude between 5 and 15 uV and 


Invariant and unreactive pattern of bursts of paroxysmal activity with mixed features but no 


age-appropriate activity lasting «10 seconds alternating with periods of marked voltage 


Grade Findings Description 
1 ormal pattern for 

gestational age presence of distinct state changes 
2 Excessively discontinuous 
3 Depressed and 

undifferentiated without normal features 
4 Burst suppression 

attenuation with amplitude «5 uV 

5 Extremely low voltage 


activity. 


IBI = Inter-burst interval; SWC = Sleep-wake cycling 


Invariant and unreactive pattern, with amplitude «5 uV or with no discernible cerebral 


' Pressler RM, Boylan GB, Morton M, et al. Early serial EEG in hypoxic ischaemic encephalopathy. Clin Neurophysiol. 2001 Jan;112(1):31-7. PubMed PMID: 11137658. 
? Holmes GL, Lombroso CT. Prognostic value of background patterns in the neonatal EEG. J Clin Neurophysiol. 1993 Jul;10(3):323-52. Review. PubMed PMID: 


8408599. 


background EEG activity. Midazolam, in particular, may cause 
a significant decrease in background amplitude shortly after 
administration that may last for several hours [37]. 
Phenobarbital will cause electroclinical uncoupling leading to 
a reduction in the clinical manifestations of neonatal seizures, 
despite ongoing electrical seizures [38]. In addition, the char- 
acteristics of the electrographic seizures themselves change 
following PB administration [39]. Neuroprotective agents, 
such as Xenon, will also affect the background EEG and may 
have adjunct anticonvulsant effects [40]. 


Clinical and Electrographic Seizures in NE 


Seizures are often the hallmark of neonatal encephalopathy but 
their clinical expression may be subtle or absent, making them 


https://doi.org/10.1017/9781316536001.007 Published online by Cambridge University Press 


difficult to detect without EEG monitoring [41]. When clinical 
signs do occur they may be misinterpreted, making under- and 
overestimation of seizures common based on clinical diagnosis 
alone [10, 42]. Until recently, treatment with phenobarbital 
was only shown to have a 50% success rate. It also may increase 
electroclinical uncoupling, thus leading to a reduction in asso- 
ciated clinical signs despite ongoing electrographic seizures 
[38, 43]. A recent study has shown a higher success rate with 
phenobarbital therapy which may be due to earlier initiation of 
treatment [44]. 

The characteristics of seizures in HIE are well described 
now in both cooled and noncooled cohorts. The characteristics 
of seizures in other causes of neonatal encephalopathy are less 
well reported [33]. 
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Table 7.2 Most frequently used grading systems for visual analysis of amplitude-integrated EEG (aEEG) 


Amplitude based 


Pattern based 


Normal Upper margin of band of aEEG Continuous normal 
activity > 10 uV and the lower voltage (CNV) 
margin > 5 pV 
Moderate | Upper margin of band of aEEG co Discontinuous » | | 
activity > 10 uV and the lower normal voltage (DNV) ds 
margin < 5 pV A 
Severe Upper margin of band of aEEG E Burst suppression 
activity «10 uV and the lower = (BS) 
margin < 5 pV m 
Continuous low- n 
voltage (CLV) E 
Hy uil sll 
Flat trace (FT) E 


00:00 mioo 


Timing of Seizures in HIE and Seizure Burden 


Seizures are seen in term neonates with significant HIE, usually 
occurring within the first 24 hours after birth [18]. Seizures 
worsen hypoxic-ischemic injury in neonatal animal models; 
the same may be true for some neonates [45, 46]. Seizures 
occur in moderate and severe HIE and are often difficult to 
control (Figure 7.4). Very few studies were available to detail 
the evolution of electrographic seizure burden in neonates with 
HIE in the pre-therapeutic hypothermia era [18, 47]. Low et al. 
demonstrated that there was no significant difference in the 
median time of seizure onset between cooled and uncooled 
neonates in HIE; seizures started on average at 18 hours (IQR 
12-22) after birth in normothermic neonates, as compared to 
13 hours (IQR 11-22) in those receiving hypothermia [18]. Ina 
cooled HIE population, Wusthoff and colleagues reported a 
later mean age of electrographic seizure onset at 35 hours; 
however, a large number of neonates had a seizure onset at 
less than 24 hours, with the latest seizure onset time being 
95 hours [42]. Glass et al. reported a similar pattern, with a 
median age of seizure onset at 18 hours and the latest age of 
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electrographic seizure onset was 62 hours [48]. Less often, 
seizures may begin, or recommence, during the rewarming 
phase. The wide range of seizure onset times in neonates with 
HIE who receive TH provides a challenge to providing ade- 
quate seizure surveillance in neonatal intensive care units 
where continuous EEG monitoring is not available. Lynch et 
al. examined the temporal distribution of seizures in neonates 
with HIE and found that seizures generally have a short period 
of high electrographic seizure burden near the time of seizure 
onset, followed by a longer period of low seizure burden [18]. 
In HIE, seizures can be multifocal in onset. They may or 
may not have spread to neighboring regions, and may even 
spread to involve the entire brain. This is in contrast with 
seizures in acute stroke, which typically have a single focus of 
onset, and to epileptic encephalopathies, as described below. 
Total seizure burden is reduced in neonates receiving ther- 
apeutic hypothermia as compared to normothermic groups. 
This is particularly true in moderate HIE, with little difference 
in seizure burden among those cooled or not cooled for severe 
HIE [47, 49]. Although overall seizure burden is decreased with 
hypothermia, the number of neonates who have any seizures is 
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Figure 7.7 EEG background patterns in NE (other than HIE). A. Molybdenum cofactor deficiency showing gross asynchrony in the background pattern. B. 
Lissencephaly showing abnormal sleep cycles on aEEG (lower margin of aEEG less than 5 uV) and asynchronous high-voltage slow waves. C. Ohathara syndrome 
showing chaotic high-voltage burst suppression pattern. aEEG shows intermittent electrodecremental periods during sequential seizures. D. Zellweger syndrome 
showing a persistent burst suppression pattern with loss of higher frequency activity during the burst periods. The aEEG shows intermitted elevations of the baseline 


pattern during seizures. 


relatively unchanged. Low et al. showed very similar rates of 
affected neonates in noncooled and cooled cohorts (5296 and 
4896, respectively) [47]. These reported rates are consistent 
with other studies using multichannel EEG [21, 42, 50]. In 
the more recent studies [21, 42], the recorded seizure burden 
was not quantified and a control cohort (noncooled) was 
not available for comparison; we are therefore unable to com- 
pare total seizure burden, which is suspected to have a greater 
effect on outcome than solely presence or absence of seizures. 

Accurate quantification of seizure burden is difficult with 
aEEG alone, without full array EEG for confirmation. Artifacts 
are common with aEEG; some artifacts such as EKG or respira- 
tory artifact can look like seizures. For this reason, suspected 
seizures on aEEG must be confirmed on the source, raw EEG 
channels at a minimum. In addition, inter-observer variability 
in aEEG interpretation is high; this is particularly true for 
novice users. Furthermore, seizure recognition is particularly 
unreliable with aEEG alone for focal and low amplitude sei- 
zures [51]. For all these reasons, while aEEG may be a useful 
screening tool for identifying whether a neonate is having any 
seizures, it has significant limitations in attempting to quantify 
seizure burden. 

Status epilepticus, defined as 30 minutes or more of con- 
tinuous or intermittent seizures within a 1-hour period [9], 
occurs in neonates with both moderate and severe HIE and 
occurs in approximately 23% of neonates undergoing 
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therapeutic hypothermia [42, 47]. In cooled cohorts, moderate 
and severe brain injury remains more common in neonates 
with status epilepticus than those without [21, 52]. 
Srinivasakumar et al. confirmed these findings and reported 
that 5 of 19 neonates with status epilepticus had severe brain 
injury on MRI [49]. Even during therapeutic hypothermia, 
seizures remain a risk factor for significant brain injury, parti- 
cularly in neonates with status epilepticus. 


Seizures in Other Causes of Neonatal 
Encephalopathy 


Seizures are common in all types of neonatal encephalopathy, 
though the clinical presentation and electrographic character- 
istics may vary depending on the cause of the encephalopathy. 
There are no studies to date that describe in detail the char- 
acteristics of seizures in all causes of neonatal encephalopathy; 
some valuable information is available in a number of impor- 
tant case series. In early infantile epileptic encephalopathies 
(e.g., KCNQ2 encephalopathy, SCN2A encephalopathy, 
Ohtahara syndrome), epileptic spasms and tonic seizures are 
common and the background EEG pattern shows persistent 
multifocal epileptiform activity or a burst suppression pattern 
[34, 53, 54]. In early myoclonic encephalopathies (EME), such 
as nonketotic hyperglycinemia, erratic myoclonia is common 
and the EEG background demonstrates a burst suppression 
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pattern [55]. However, in EME, during burst suppression the 
bursts are short and there are long periods of suppression [34, 
55]. These conditions are described in further detail in the 
chapter on neonatal epilepsies. 


Prediction of Outcome in NE 


Using the Sarnat score, neonates are graded as having 
mild, moderate, or severe encephalopathy depending on 
their clinical signs [5]. In most cohorts, the approximate 
breakdown tends to be mild (3996), moderate (3996), and 
severe (2296) [7]. Management and outcome vary signifi- 
cantly with grade of HIE. The overall death rate in neona- 
tal encephalopathy of all grades is 9.996 in developed 
countries, but this rises to 3096 among those who qualify 
for cooling and precipitously to 76.896 when considering 
severe encephalopathy alone [7, 56]. 

Prior to the cooling era, among neonates who survived 
beyond the neonatal period, approximately 26% had moder- 
ate or severe disability long term, with a further 1496 surviving 
with mild impairment. Reported rates of cerebral palsy fol- 
lowing neonatal encephalopathy vary but are generally 10%- 
13% among survivors of moderate to severe encephalopathy. 
Dyskinetic CP and spastic quadriplegia are the most common 
subtypes, with 80% of dyskinetic CP attributable to perinatal 
hypoxia-ischemia at term [57]. High rates of hearing loss 
(17%) and visual deficits (41%) also occur [58]. Therapeutic 
hypothermia improves the outlook for neonates with moder- 
ate to severe HIE, with increased likelihood of survival with 
normal IQ (RR=1.31) and improved survival without neuro- 
logical abnormalities (RR=1.6) at follow-up at 6-7 years of life 
[59]. 

Many studies have shown that long-term cognitive and 
behavioral difficulties are frequent in surviving children 
without motor disability. Specific memory impairments 
correspond with reduced hippocampal volume on MRI 
[60]. Reduced attention, behavioral difficulties, and 
reduced school readiness have been reported [61, 62]. 
Marlow et al also demonstrated memory, attention/execu- 
tive function impairments and lower educational achieve- 
ment in children following moderate and severe HIE 
assessed at age 7 years [63]. Odd et al. have shown that 
infants with encephalopathy had lower working memory, 
reading accuracy, and comprehension scores and increased 
requirement for educational support (OR=6.24) between 8 
and 11 years [64]. The outcome for children following mild 
HIE is less clear. Initial studies reported an outcome simi- 
lar to non-HIE NICU survivors. However, more recently, a 
number of small long-term studies have shown increased 
rates of disability, both cognitive and behavioral [62]. Most 
large prospective studies of outcome following intervention 
have not included the mild HIE group, as they are not 
currently eligible for intervention, and so we have very 
little contemporaneous data on outcome after mild HIE. 
The longer children are followed, the more evident it 
becomes that survivors of NE often have significant long- 
term, non-motor, effects. 
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Prediction of Outcome Using EEG in Cooled 


and Noncooled Neonates 


As above, the predictive ability of the EEG recording depends 
on several factors: timing of the EEG, whether the neonate is 
cooled or noncooled, administration of sedative medications. 
Bearing these factors in mind, the best available evidence for 
prediction of outcome using EEG is summarized in Table 7.3. 
Different grading systems and different outcome measures 
make direct comparison difficult; however, the prediction 
based on grade is similar whether cooled or uncooled. Best 
evidence suggests that, regardless of TH intervention, a nor- 
mal EEG at 6 hours is very predictive of normal outcome. A 
normal EEG at 48 hours may be falsely reassuring if earlier 
EEG recordings are not available or have normalized. 
Definite prediction of poor outcome becomes reliable at 
48 hours. If EEG is severe or inactive at 24-48 hours, abnor- 
mal outcome is seen in 90-100%. Moderate abnormalities are 
more difficult to interpret. If this pattern is seen at 6- 
24 hours, a neonate has a 4096-5096 chance of an abnormal 
outcome. If seen at 48 hours or beyond, this risk increases to 
around 70% [19, 21]. 


Prediction of Outcome Using aEEG in Cooled 


and Noncooled Neonates 


Prior to the introduction of therapeutic hypothermia, aEEG 
was repeatedly shown to have excellent predictive ability even 
as early as 3-6 hours following delivery. An aEEG graded as 
either burst suppression (BS), flat trace (FT) or continuous 
low-voltage (CLV) at 3 hours had a sensitivity and specificity 
for poor outcome of 0.85 and 0.77, respectively. At 6 hours, 
these patterns had a sensitivity and specificity of 0.91 and 0.86, 
respectively [29]. Similarly promising results were found using 
the amplitude based grading system when assessed within the 
first 12 hours after delivery; a moderately or severely depressed 
aEEG trace had a PPV of 85% and a NPV of 100% for the 
prediction of a poor outcome [23]. Similarly, the return of 
SWC was a good prognostic indicator in noncooled cohorts, 
with a return of SWC by 36 hours giving accurate outcome 
prediction in 82% of neonates [65]. 

Therapeutic hypothermia alters the evolution of aEEG and 
its early predictive ability. In 2009, very soon after the wide- 
spread introduction of therapeutic hypothermia, Hallberg et al. 
reported in a small cohort of 26 cooled neonates that BS/CLV/ 
FT aEEG recordings at 6 hours had only a 32% PPV for 
abnormal outcome at 18-24 months. This increased to 60% 
at 24 hours, but confident prediction was not possible until 
48 hours [66]. Further evidence regarding the impact of 
hypothermia on aEEG evolution and predictive value came 
from the direct comparison between cooled and noncooled 
neonates with HIE randomized within the selective head cool- 
ing trial [30]. In this study, the PPV of an abnormal trace at 
6 hours for abnormal outcome was 84% in normothermic 
neonates, but only 54% in hypothermic neonates. In neonates 
treated with hypothermia, PPV did not increase to 90% until 


Table 7.3 EEG grade and outcome based on timing of EEG recording 


EEG findings 


Normal amplitude 
continuous EEG 
induced hypothermia 


Mild EEG 
normothermic 


Mild EEG 
Induced hypothermia 


Moderate EEG 
normothermic 


Moderate EEG 
abnormalities 
Induced hypothermia 


Major/Severe EEG 
abnormalities 
normothermic 


Severe depression, 
undifferentiated, burst 
suppression 

Induced hypothermia 


Very low voltage 
Amplitude <5 uV 
normothermic 


Very low voltage 
Amplitude «5 uV 
Induced hypothermia 


6 hours 


10096 
normal/mild MRI 


10096 normal outcome 
at 2 years 

7596 intact survival at 5 
years 


7396 Normal/mild 
MRI findings 


10096 intact survival at 
2 years 

45% intact survival at 5 
years 


5096 Normal MRI 


20% intact at 2 years 
42.996 intact survival at 
5 years 


2996 Normal MRI 


1496 intact survival at 2 
and 5 years 


4396 Normal MRI 


24 hours 


10096 
normal/mild MRI 


10096 normal outcome 
at 2 years 

6596 intact survival at 5 
years 


7796 
Normal/mild 
MRI findings 
6696 intact survival at 2 
years 


5796 intact survival at 5 
years 


4096 Normal MRI 


1096 intact at 2 years 
1196 intact survival at 5 
years 


096 Normal MRI 


096 intact survival at 2 
Or 5 years 


096 Normal MRI 


Predicted outcome based on timing of EEG recording* 


48 hours 


93% 
normal/mild MRI 


73% normal outcome 
at 2 years 
/A at 5 years 


81% 

ormal/mild 

RI findings 

096 intact survival at 2 
years 

/A at 5 years 


2996 Normal MRI 


0-15% intact at 2 years 
096 intact survival at 5 
years 


096 Normal MRI 


096 intact survival at 2 
or 5 years 


096 Normal MRI 


Neonatal Encephalopathy 


Beyond 48 hours 
9296 
normal/mild MRI 


N/A 


7796 
Normal/mild 
MRI findings 


N/A 


3396 Normal MRI 


N/A 


096 Normal MRI 


096 intact survival at 2 
or 5 years 


096 Normal MRI 


* Note that for all infants the presence of seizures will worsen prognosis and in particular with a high seizure burden or status epilepticus. N/A = no available data. 
Grading system of Pressler et al. used for normothermic infants and Holmes et al. for hypothermic cohort. 


24 hours, and 10096 at 48 hours. Time to normal trace and 
return of SWC were both useful in prognostication. Similar 
results have been reported for neonates following whole body 
cooling, where the predictive ability of an early abnormal trace 
was reduced in the cooled arm of the trial [67]. 

Hence, we now have good evidence that very early aEEG is 
less useful for outcome prediction in cooled neonates, likely 
due to the variable effect of the therapeutic intervention. aEEG 
may identify encephalopathy requiring neuroprotective inter- 
vention, but not the neonate's response to that intervention. In 
summary, similar to EEG, a normal early aEEG trace is reas- 
suring, but an abnormal trace does not reliably predict poor 
outcome in the first 48 hours after birth. 


https://doi.org/10.1017/9781316536001.007 Published online by Cambridge University Press 


When Is the Best Time to Record and Interpret 
EEG and/or aEEG Findings in NE to Aid in Outcome 
Prediction? 


Ideally, continuous EEG monitoring would be available to 
all neonates immediately following hypoxic-ischemic injury 
to allow accurate prognosis and rapid detection of seizures. 
However, this is not always possible; many centers have 
access to aEEG and/or intermittent EEG only. In those 
cases, the combination aEEG monitoring with an early 
EEG within the first 6-12 hours and a repeat EEG at 
48 hours is likely to provide the most information. If 
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normal and continuous activity with sleep-wake cycling is 
seen on aEEG by 6 hours, the prognosis is excellent. On 
the other hand, abnormalities seen at this stage, even if 
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Illustrative Cases 
Case 3 Perinatal Stroke 


Case 4 Neonatal Intracranial Hemorrhage 
Case 5 Neonatal Birth Trauma 

Case 6 Neonatal Intraventricular Hemorrhage 
Case 7 Neonatal Hypoglycemia 

Case 8 Acute Bilirubin Encephalopathy 


Case 17 Newborn Heart Surgery: Hypoplastic Left Heart 
Syndrome 


Case 24 Bacterial Meningitis 


Key Points 

» Seizures in the neonatal period are usually acute 
symptomatic, requiring immediate diagnosis and treatment. 

e Common etiologies include hypoxic-ischemic 
encephalopathy, stroke, and infection in term babies; 
intraventricular hemorrhage and infection are most 
common in preterm babies. 

e Many neonatal seizures are subclinical, making EEG 
monitoring a necessity for diagnosis and management. 


Introduction 


In the neonatal period, the majority of seizures are acute 
reactive events provoked by insults such as hypoxic-ischemic 
encephalopathy (HIE), acute metabolic disturbances, infec- 
tion, inborn error of metabolism, or intracranial hemorrhages. 
Some etiologies require immediate diagnosis and treatment. 
Many of these acute, symptomatic seizures resolve once the 
underlying etiology is corrected or the acute neurological dis- 
ruption of the causal event subsides. Seizures that persist 
beyond the neonatal period most often result from long-stand- 
ing cerebral pathology, such as developmental brain anoma- 
lies, inborn errors of metabolism, or as part of a genetic 
epilepsy syndrome, although these are less common than 
acute symptomatic causes. The electroencephalogram (EEG), 
amplitude-integrated EEG (aEEG), or quantitative electroen- 
cephalography (QEEG) may aid in rapid diagnosis and treat- 
ment of clinical and subclinical seizures [1, 2]. The new 
International League Against Epilepsy (ILAE) classification 
for neonatal seizures [3] emphasizes the need for EEG to clarify 
clinically suspicious movements, as the motor manifestations 
of seizures in neonates can be discrete [4, 5] or some normal 
movements and non-ictal abnormal movements may be 
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mistaken for seizures [6]. In the absence of EEG or aEEG, 
only focal clonic or focal tonic seizures can be diagnosed 
clinically with at least probable diagnostic certainty [3, 7]. 
More than half of all seizures are electrographic-only, and 
consequently the seizure burden may be greatly underesti- 
mated without EEG or aEEG. If a clinical correlate is seen, 
the seizure semiology can have diagnostic value with respect to 
etiology; for example, clonic seizures are typical for arterial 
ischemic stroke, while tonic and sequential seizures suggest a 
genetic etiology [3]. 

Most EEG patterns in the neonate are nonspecific to 
the etiology of encephalopathy of seizures. However, even 
while nonspecific, certain patterns can help direct the diag- 
nostic evaluation. For example, a burst suppression pattern 
narrows the differential diagnosis for a neonate with sei- 
zures considerably. EEG and etiologic correlations are not 
always straightforward: disorders that cause diffuse pathol- 
ogy can result in focal discharges [8], and focal seizures do 
not always reflect corresponding anatomical lesions, for 
example. However, in many cases, neuromonitoring may 
have specific characteristics that are helpful to direct 
further workup. 


Vascular Causes 
Acute Ischemic Stroke 


Cerebral vascular disease in neonates can cause acute reactive 
seizures. Perinatal arterial ischemic stroke (PAIS) occurs in 1 
in 2500 live births and is recognized as a common cause of 
early onset neonatal seizures [9]. Stroke should be suspected 
when seizures occur in neonates without encephalopathy 
within the first 48 hours of birth. Clinically, seizures due to 
ischemic stroke are most often focal clonic movements. EEG 
may be available for these patients before imaging is possible; 
there are specific features in the EEG that can aid in the 
diagnosis when evaluating neonatal seizures. 

Acute ischemic neonatal strokes typically involve the mid- 
dle cerebral artery. Decreased cerebral blood flow in the 
affected regions leads to focal electrographic changes in the 
background EEG (Figure 8.1). Focal amplitude suppression is a 
strong indicator of an infarction [10]. Depending on the size of 
the infarct, suppression can be quite marked (25096 amplitude 
reduction). The interictal EEG is typically normal from the 
contralateral hemisphere. Discrete abnormalities include uni- 
lateral absence of sleep-wake cycling or increase of theta 
(usually most obvious in quite sleep). However, a normal 
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Figure 8.1 cEEG monitoring together with a single cross-cerebral (C3-C4) aEEG channel in a term baby (GA 40+2 weeks) with good Apgar scores, who presented on 
day of life 2 with clonic seizures. Note that left hemisphere channels are colored in red and right hemisphere channels in blue. Red arrows on the aEEG tracing 

correspond to the epoch of raw EEG displayed below. A. EEG on day 2 after treatment with phenobarbital captured electrographic-only seizures clearly visible on the 
aEEG tracing and on the raw EEG over the left central region. B. Seizures responded to second-line anti-seizure medication, but lateralized periodic discharges (LPDs) 
became apparent on EEG over the right hemisphere, which did not evolve in frequency, amplitude or morphology, therefore these were not considered to represent 
seizures. C. EEG on day of life 6: Seizures and LPDs have resolved, but background asymmetry is visible with amplitude attenuation and a paucity of faster frequencies 


over the left hemisphere. D. MRI (coronal T1) confirmed the diagnosis of a large left MCA infarct. 


EEG in stroke has also been reported [11]. Depending on the 
location of the infarct, abnormalities may not be seen in an aEEG. 
In large central or parietal infarcts, amplitude asymmetry may be 
apparent when comparing hemispheric aEEG channels. It is not 
possible to evaluate for this asymmetry using only a cross-hemi- 
spheric (single) channel aEEG. Likewise, infarctions in brain 
regions distal to aEEG electrodes, such as occipital strokes or 
smaller inferior temporal strokes, may not result in changes in 
the central and parietal channels used in aEEG. 

Periodic discharges may be present on EEG following 
stroke (Figure 8.1). Persistent, non-evolving, focal sharp 
waves or focal spike-polyspike waves may be seen at a 
frequency of 1-2 Hz over the area of infarction [12]. 
When repetitive focal discharges persist for at least six 
cycles, they are considered lateralized periodic discharges 
(LPD, previously called periodic lateralized epileptiform 
discharges or PLEDs) [13, 14]. These can be of variable 
amplitude and can be intermixed with seizures. LPDs often 
fluctuate and may not be present throughout the recording. 
In contrast to seizures, they do not evolve. The periodic 
discharges may subsequently evolve to focal electrographic 
seizures. LPDs are uncommon in neonates and are not 
diagnostic of stroke when present. At the same time, they 
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may increase suspicion for focal injury, including stroke, 
when present. 

Quantitative EEG (QEEG) can highlight unilateral ische- 
mia with loss of faster frequencies and increased slowing over 
the affected area on the spectrograms (Figure 8.2). The asym- 
metry index can reveal total absolute asymmetry by comparing 
the asymmetry at each pair of homologous electrodes and 
summing their absolute valuates to give a total asymmetry 
score. The alpha/delta ratio is affected and further enhances 
the abnormality since alpha frequencies decrease and delta 
increases with ischemia. 

With MCA stroke, seizures are typically seen over the 
central region, often with sharp waves or spike and poly- 
spike discharges in that region. The seizures usually con- 
sist of brief discharges of rhythmic spikes at variable 
frequency. They typically begin as focal 1-2 Hz discharges 
[15] over the area of infarction. As seizures evolve, the 
discharges often become biphasic or triphasic [15] but 
typically remain over the affected hemisphere. Rarely, 
the seizure may spread to the contralateral hemisphere. 
In between seizures, the neonate typically remains alert 
and not encephalopathic, though in severe cases they may 
be lethargic or comatose. 
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Figure 8.2 QEEG trending panel from a neonate born at 39 weeks gestation with stroke, demonstrating asymmetry. This is most evident in the 
Asymmetry Spectrogram [middle row], which is predominantly red for the first half of the trend. This reflects that during the first half of the recording 
period, the neonate was having seizures from the right hemisphere. After treatment [arrow], the seizures resolved. There is a brief period of faster 
frequencies in the left hemisphere relative to slowing on the right reflected by a denser blue color in the Asymmetry Spectrogram, followed by gradual 


return to an overall symmetric pattern. 


Venous Sinus Thrombosis 


More than 4096 of childhood cerebral sinovenous thrombosis 
(CSVT) occurs within the neonatal period, with an incidence 
of 2-3 per 100,000 children per year [16]. CSVT can cause 
venous infarction and is often associated with hemorrhage. 
Seizures are a common manifestation of CSVT. No specific 
EEG or aEEG changes are typically found in CSVT. In a study 
by Berfelo et al., 46% of neonates with CSVT exhibited a 
normal EEG and aEEG with 1996 and 1396 showing moderately 
and severely depressed backgrounds, respectively [17]. 
However, when a focal infarct occurs secondary to CSVT, 
EEG changes occur that are similar to acute ischemic stroke, 
due to decreased cerebral perfusion. In animal studies, follow- 
ing CSVT rats have acute and transient EEG depression that is 
followed by a long-lasting slowing ofthe electrical activity [18]. 


Vein of Galen and Other Vascular Malformations 


The vein of galen is a rare congenital vascular malformation 
but is the most common type of arteriovenous malformation 
in the fetus and neonate. Neonates with vein of Galen mal- 
formations can present with seizures or with high output 
cardiac failure. This and other vascular malformations, 
including aneurysms, can cause chronic seizures by leaking 
blood into the surrounding cortex and by causing cortical 
irritation through mass effect or pulsations. Large arteriove- 
nous malformations create a steal phenomenon and render 
nearby regions of the brain ischemic. Vascular lesions in 
utero can result in formation of porencephalic cysts, which 
in turn can cause neonatal seizures. An EEG or aEEG is not 
specific to these malformations and shows abnormalities in 
less than 5096 [19]. At the same time, the baseline EEG is 
abnormal in at least half of cases, typically with focal delta 
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activity, focal slowing, or a paroxysmal activity [20] over the 
area of interest. 


Intracranial Hemorrhage 


Seizures due to subarachnoid, intraparenchymal, or subdural 
hermorrhage may occur in term neonates. (Hemorrhage in 
preterm neonates is discussed separately below.) The most 
common type of intracranial hemorrhage in term neonates is 
primary subarachnoid hemorrhage, and can be diffuse or focal 
[21]. In term neonates, intraventricular hemorrhage most 
often occurs in the setting of cerebral sinovenous thrombosis, 
and can also be seen with subdural, subependymal, and intra- 
parenchymal hemorrhages. In focal hemorrhages, focal or 
lateralized abnormalities may appear on EEG or aEEG. There 
is typically a pronounced unilateral EEG suppression with a 
marked loss of faster frequencies on the affected side. These 
EEG changes may be more marked than in patients with 
ischemic stroke. Ipsilateral to the hemorrhage, delta activity 
may appear widely, but maximally over the frontotemporal 
region. EEG may not reveal any epileptiform activity [21]. 
Clinical seizures can vary from apneic events [22] to clonic 
seizures. Intraventricular hemorrhage, or any hemorrhage that 
affects the periventricular white matter, can be associated with 
central positive sharp waves. 


CNS Infection 


The signs of meningitis or encephalitis are clinically nonspe- 
cific, even as early diagnosis and treatment are crucial. Prenatal 
and perinatal infections can produce diffuse static neocortical 
and hippocampal damage. Depending on infection severity, 
EEG background activity may vary from normal to having 
varying degrees of abnormality. In the case of CNS infection, 
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Figure 8.3 EEG from a neonate born at term after uneventful pregnancy via emergent caesarean section for failure to progress. Mother had low-grade fever. While 
initially in good condition and discharged to home, neonate presented day 5 in shock, with pH 6.9, and hypothermic. The EEG is abnormal with amplitude 
suppression, paucity of normal maturational pattern, and lateralized periodic discharges over the right central region. PCR for herpes simplex virus was positive. 


seizures usually begin by day 3 after birth, except for 
HSV which more often presents with seizures in the second 
week. Group B Streptococcus, Listeria, Escherichia coli, and 
Streptococcus pneumoniae CNS infections present from the 
end of the first week to 3 months of age. The seizures may be 
subclinical or fragmentary. 


Bacterial Meningoencephalitis 


Cerebromeningeal infections are responsive for 5-1096 of neo- 
natal seizures [23]. The infection can lead to brain edema, 
vascular thrombosis, or abscess formation. Multiple non- 
specific EEG patterns are described in meningoencephalitis. 
However, complications may reveal more specific abnormal- 
ities. Positive Rolandic sharp waves can be seen in deep white 
matter necrosis. Persistent hemispheric or focal voltage 
attenuation may be seen in large-vessel infarction or in abscess 
formation. 

Encephalitis typically produces diffuse delta activity. Bursts 
of intermittent rhythmic delta activity (IRDA) imply involve- 
ment of the subcortical gray matter. In acute encephalitis, the 
degree of slowing usually parallels the severity of the clinical 
symptoms. The combination of EEG features, including back- 
ground activity, presence of positive Rolandic sharp waves, 
presence of seizures, and presence of focal abnormalities, 
inform the prediction of outcome [24]. Focal neurological 
deficits may develop as a result of secondary arterial cerebro- 
vascular disease, intracranial hemorrhage, subdural effusion, 
or developing brain abscess. Amplitude EEG can also aid in 
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prognostication for these babies. A flat or low-voltage back- 
ground pattern and electrographic seizures on aEEG have been 
associated with poor neurological outcome in infants with 
neonatal sepsis or meningitis, whereas sleep-wake cycling 
was more likely to be seen in babies with subsequent good 
outcome [25]. 


Herpes Simplex Virus 


Neonatal herpes simplex encephalitis is a rare but severe neu- 
rological condition that requires clinical identification and 
rapid treatment. Rapid treatment reduces the morbidity and 
mortality, so clinical suspicion must always be high for this 
disease. In contrast with adults, most neonatal CNS infection is 
not localized to the temporal lobes, but rather is diffuse disease 
secondary to disseminated infection. As such, EEG abnormal- 
ities are most often multifocal, rather than the classical tem- 
poral periodic discharges described in herpes simplex (HSV) 
cerebritis in adults. In the less common case of neonatal focal 
cerebritis, the EEG may show specific changes. The ictal and 
interictal EEG may be nonspecific at the onset of the disease. 
Later in the course, the EEG reveals the more classical periodic 
discharges which begin in the temporal head regions and then 
may become more diffuse. There is typically focal or multifocal 
slowing with quasi-periodic discharges that may shift from 
side to side [26]. When present, lateralized periodic discharges 
typically appear 2-15 days after the onset of illness (Figure 8.3). 
They are typically maximal in the temporal/parieto-temporal 
regions and often consist of waveforms with no more than 
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three phases that are prolonged complexes (approximately 0.5 
seconds) that recur every 1-4 seconds for at least six cycles. The 
amplitudes vary from 500 uV to very subtle changes from the 
background. The discharge may be spike-like or a sharply 
contoured delta wave. 


Acute Metabolic Disturbances 
Electrolyte Disturbances 


Electrolyte disturbances can present with neurological mani- 
festations [27]. Acute and severe electrolyte imbalances fre- 
quently cause seizures, and seizures may be the sole presenting 
symptom. Seizures and encephalopathy are especially common 
in patients with hyponatremia, hypocalcemia, and hypomag- 
nesemia. These changes in blood electrolytes may cause an 
encephalopathy and consequently diffuse EEG abnormalities. 
In 1937, Berger first observed slow brain activity induced by 
hypoglycemia. Typically in acute metabolic encephalopathies, 
the EEG may demonstrate no change or may demonstrate 
slowing of background frequencies [28]. Disorganization of 
the background may develop gradually, and reactivity to exter- 
nal stimulation may be altered [29]. The EEG changes typically 
correlate with the severity of encephalopathy. While EEG 
findings are not specific to different etiologies of encephalo- 
pathy, some more common patterns have been described. In 
general, hyponatremia usually produces nonspecific slowing. 
Hypocalcemia may be associated with a background at first 
with mainly alpha frequencies that progresses to a theta and 
delta predominance. In neonates, reversible 3- to 4-Hz spike- 
wave discharges have been reported [30]. In hypercalcemia, 
EEG changes include fast activity and bursts of delta and theta 


slowing that appear when calcium levels reach ~13 mg/dL. 
When calcium levels normalize, the EEG gradually improves. 


Hypoglycemia 

Hypoglycemia alters cerebral blood flow and metabolism, 
which is reflected in the EEG. When compared with controls, 
hypoglycemic newborns have increased frontal sharp transi- 
ents in all sleep stages and have less bilateral synchrony 
[31, 32]. Hypoglycemia may also result in bilateral or unilateral 
posterior spike and sharp waves in a generalized slow back- 
ground. The discharges are accentuated with sleep but not with 
photic stimulation [33]. Several studies have demonstrated that 
hypoglycemia can cause cortical and subcortical white matter 
damage, with the posterior parietal and occipital lobes affected 
most severely [34-36] (Figure 8.4). The level of blood glucose 
that causes the injury is variable. The epilepsy that develops 
months or years after symptomatic neonatal hypoglycemia is 
most often focal epilepsy of occipital origin [37, 38]. A propor- 
tion of children also have visual impairment and neurodeve- 
lopmental disability, and seizures may become drug resistant. 


Brain Injury in Premature Neonates 
Intraventricular Hemorrhage 


Intraventricular hemorrhage (IVH) is the most frequent form 
of intracranial hemorrhage in newborns at less than 32 weeks 
gestation. During this time, bleeding occurs from capillaries in 
the germinal matrix. There are four grades of IVH that are used 
to determine the severity of symptoms. In grade I, the bleeding 
is confined to the germinal matrix. In grade II, there is 
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Figure 8.4 Neonate with severe hypoglycemia in the first day of life. Three-day-old baby girl born at 39 weeks following normal pregnancy and delivery. She 
returned to the hospital 24 hours after discharge because of lethargy and poor feeding. Workup revealed significant hypoglycemia (glucose «20 g/dL). Genetic 
testing confirmed a pathogenic mutation on the ABCC8 gene consistent with congenital hyperinsulinism. (A) EEG at the age of 3 days showing a seizure with onset 
over the left central region (C3) in a bipolar longitudinal montage. (B) MRI at 10 days of life. Diffusion-weighted imaging (DWI) sequence showing restricted diffusion 


of bilateral occipital lobes as well as splenium of corpus callosum. (C) T1 
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flair sequence done 1 month after initial MRI showing atrophy of bilateral occipital lobes. 


intraventricular bleeding without ventricular enlargement. 
Grade III consists of larger intraventricular bleeding (>50% 
of ventricular area or distends ventricle), and grade IV repre- 
sents intraventricular hemorrhage and blood in the brain tis- 
sue around the ventricles [39]. Seizures, mostly electrographic, 
are more commonly seen in neonates with grade III and IV 
IVH, both acutely and chronically [40]. Although seizures are 
thought to be prevalent in premature neonates, they are unli- 
kely to be detected clinically and are most likely underesti- 
mated. Lloyd et al. prospectively performed cEEG from as soon 
as possible after birth for a duration of up to 72 hours in a 
cohort of 120 newborns <32 weeks gestational age [41]. They 
found that only 6 infants (5%) had electrographic seizures; five 
of these had IVH. There do not appear to be any specific EEG 
features associated with IVH in preterm neonates. The back- 
ground activity in EEG and aEEG is depressed during the first 
days of life, and the extent of the depression correlates with the 
degree of IVH [42]. Watanabe et al. described that the EEG 
background showed an increasing discontinuity with increas- 
ing severity of IVH. The EEG typically is of little diagnostic 
value but can aid in prognosis [43]. There are acute and 
chronic EEG changes that correlate with later neurological 
and cognitive function. Acute stage abnormalities mainly con- 
sist of decreased continuity, attenuated faster frequencies, or 
voltage suppression (Figure 8.5). Chronic state abnormalities 
consist of dysmature or disorganized patterns [44]. A disorga- 
nized background refers to an abnormal morphology of back- 
ground activities without definite findings of acute stage EEG 
changes [45]. In order to determine prognosis, serial EEGs are 
more helpful, as persistent abnormalities are more predictive 
of prognosis than a single abnormal EEG [46]. 

There have been conflicting studies regarding the occur- 
rence of positive sharp waves with IVH. Clancy and Tharp 
found that neonates with grades III and IV hemorrhage had a 
higher prevalence (69.2%) of central positive sharp waves that 
were greatest between the 5th and 8th postnatal days [47]. 
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Novotny et al. concluded that central positive sharp waves 
are not specific for IVH but rather white-matter necrosis 
which may result from a variety of insults, including IVH 
[48]. Aso et al. found that the sensitivity of positive sharp 
waves for white matter lesions was 38% [49]. 

Post-hemorrhagic hydrocephalus is a major complication 
after IVH and can be defined as progressive dilation of the 
ventricular system. With increasing ventricular diameter, 
aEEG reveals an increased discontinuity without distinguish- 
able sleep-wake cycling in neonates [50]. Therefore, loss of 
sleep-wake cycling on the aEEG has a high predictive value for 
the development of post-hemorrhagic hydrocephalus in pre- 
term neonates with IVH [51]. For this reason, in addition to 
serial head ultrasounds and close clinical monitoring, some 
centers use serial aEEG once or twice weekly to monitor for 
early evidence of post-hemorrhagic hydrocephalus, before 
head circumference increases. 


Periventricular Leukomalacia (PVL) 


Periventricular leukomalacia (PVL) occurs in 5% of premature 
neonates. EEG is sensitive in detecting PVL in the neonatal 
period, though the abnormalities seen are not specific to this 
etiology; the acute and chronic EEG stage abnormalities pre- 
sent with IVH are also seen with PVL. Positive Rolandic sharp 
(PRS) waves are commonly seen and may be an early and 
marker of PVL [52] (Figure 8.5). PRS are sharp transients of 
positive polarity that appear in the Rolandic region in the 
centrotemporal area of the brain. Okumura and colleagues 
found that PRS were always associated with disorganized pat- 
terns on the EEG [53]. In another study, he found that among 
52 preterm neonates with a disorganized pattern on their EEG, 
PVL was present in 31 [54]. In contrast, among the 28 neonates 
with just dysmature EEG patterns, PVL was present in only one 
neonate. Kidokoro et al. looked at the evolution of EEG 
changes seen with PVL. In general, the EEG was depressed 


150 pV 


Figure 8.5 EEG from preterm infant born at 29 weeks gestational age. At post-menstrual age (PMA) 32 weeks he had an acute deterioration; cranial ultrasound 

revealed a grade IV intraventricular hemorrhage. (A) EEG on the day of the deterioration shows diffuse suppression and prolonged inter-burst intervals (equivalent to 
acute stage abnormality). (B) At PMA of 37 weeks the background activity is continuous but dysmature with too many delta brushes for age [arrow] and positive 

Rolandic sharp waves independently over both sides [yellow circles], both of which are chronic stage abnormalities. 
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immediately after birth and improved after a few days. The 
EEG then developed chronic changes that included a disorga- 
nized background with or without frontal and/or occipital 
sharp waves, positive Rolandic sharp waves, and abnormal 
delta brushes [55]. The combination of acute and chronic 
stage abnormalities on the EEG is important to detect neonates 
with PVL since acute changes are highly sensitive and chronic 
changes are highly specific - it is the combination of both that 
is most diagnostically useful [56]. aEEG can be useful in dis- 
playing the early changes of amplitude suppression, but is not 
able to display the more chronic changes of disorganization or 
sharp waves. Spectral analysis of the EEG may reveal an asso- 
ciation between white matter injury and decreased spectral 
edge frequency [57]. 


Very Low Birth Weight Neonates 


“Very low birth weight” is a term used to describe neonates 
who are born weighing less than 1,500 grams. Neonates with 
very low birth weights are most often premature with intrau- 
terine growth restriction (IUGR) and have discontinuous 


EEG tracings. These neonates are at risk for seizures. 
Independent risk factors for seizures in these babies 
include early gestational age, intraventricular hemorrhage, 
post-hemorrhagic hydrocephalus, sepsis, and necrotizing 
enterocolitis. Neonates with both sepsis and necrotizing 
enterocolitis had a 4.6-fold increased risk of seizure [58]. 
Germinal matrix intraventricular hemorrhage in these babies 
had an overall incidence of seizures in 4696 in an early series, 
though this was based on clinical observation of suspected 
seizures and did not include EEG confirmation [59]. In a 
study of 39 low birth weight neonates, preterm neonates, 
and small for gestational age neonates had EEG demonstrat- 
ing similar background abnormalities. Spindle-like fast 
rhythms were more frequent over the occipital and/or central 
areas and were more frequent at 31-32 weeks post-concep- 
tional age. A greater number of fast rhythms occurred in REM 
sleep than in slow wave sleep at 26-32 weeks and was reversed 
from 33-34 weeks with more fast rhythms in slow wave sleep 
[60]. The long-term significance of these findings has not 
been demonstrated. 


Jitteriness 


Figure 8.6 Four-day-old neonate born at term following maternal history of opioid abuse. The newborn presented with episodes of bilateral arm stiffening and 
shaking; these were suppressible. A typical event was marked as “jitteriness” by the bedside nurse. The EEG shows continuous background activity and scattered 
multifocal sharp waves. The event is shown not to be seizure, but characterized by muscle and movement artifact. CEEG confirmed that the clinical events of concern 


were not seizure for this child. 
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Neonatal Abstinence Syndrome 


Neonatal abstinence syndrome refers to the constellation 
of withdrawal symptoms exhibited by the neonate who 
was exposed to drugs in utero. The onset and nature of 
symptoms usually varies depending on the specific drug 
and timing of exposure. Symptoms of withdrawal from 
heroin typically begin within 24 hours after birth, and 
from methadone, around 24 to 72 hours of age. Babies 
exposed to drugs in utero have an increased risk of 
seizure. At the same time, diagnosis may be challenging 
as these babies commonly have other abnormal move- 
ments that are not seizures, such as jittery movements 


Neonatal Seizures Due to Acute Causes 


(Figure 8.6). Seizures have been reported in 2% to 11% 
of cases during neonatal opioid withdrawal [61]. 
Withdrawal-associated seizures are often myoclonic, 
respond to opiates, and have not been shown to increase 
the risk of adverse long-term outcome [62]. Abnormal 
EEG without seizures has been reported in greater than 
30% of cases of neonatal opioid withdrawal. In a study by 
Doberczak et al., 17 of 38 babies (45%) with neonatal 
exposure to cocaine had abnormal EEGs. All the abnor- 
mal EEGs showed bursts of sharp waves and spikes, with 
the majority revealing multifocal abnormalities [63] 
(Tables 8.1 and 8.2). 


Table 8.1 Acute causes of neonatal seizures and accompanying EEG changes in term and preterm neonates 


EEG changes 


Abnormal asymmetry 
abscess 


Abnormal asynchrony Meningitis, PVL 
Depressed and undifferentiated background 
Positive Rolandic sharp waves 


Lateralized periodic discharges 


Sharp waves, spikes, polyspikes 


Burst suppression 


Etiology: Common causes 


Stroke, venous sinus thrombosis, venous malformation, cerebral contusion, hemorrhage, 


HIE, CNS infection, cerebral hemorrhage, acute metabolic disturbances 
PVL, intraventricular hemorrhage, meningitis, hydrocephalus, aminoaciduria 
Stroke, focal cerebritis 

Stroke, infection, neonatal abstinence syndrome 


Ohtahara syndrome, early myoclonic epilepsy, inborn error of metabolism, severe HIE 


CNS, central nervous system; HIE, hypoxic-ischemic encephalopathy; PVL, periventricular leukomalacia 


Table 8.2 Typical EEG features of neonatal seizures due to specific causes 


Etiology Typical time of onset 


Acute ischemic stroke 12-76 hours after birth 


Intracranial infections Days to weeks after birth 


Intracranial hemorrhage Subdural: first 1-2 days 


Subarachnoid: first 5 days 


Metabolic or electrolyte 
abnormalities 


Hypoglycemia: first 2 days 
Hyperbilirubinemia: after 3rd day 
Other electrolytes: any time 
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Type of seizure EEG pattern 


Clonic, contralateral Focal slowing 

Focal suppression 

Lateralized periodic discharges 
Focal sharp or spike waves 


Focal seizures 


Rolandic sharp waves 
Rhythmic delta activity 

Diffuse slowing 

Focal slowing 

Lateralized periodic discharges 
Focal spikes 


All types 


Multifocal, clonic Focal slowing 


Focal suppression 


All types Generalized slowing 


Disorganization 
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Illustrative Cases 
Case 9 KCNQ2-Related Seizures 


Case 10 Tuberous Sclerosis 

Case 11 Hemimegalencephaly 

Case 12 Ohtahara Syndrome 

Case 13 Zellweger Syndrome 

Case 14 Pyridoxine-Dependent Epilepsy 
Case 15 Metabolic Encephalopathy 
Case 16 Glycine Encephalopathy 


Key Points 

e Neonatal onset epilepsy is less common than seizures due to 
acute illness but constitutes an important minority of cases. 

e EEG and aEEG are helpful for the diagnosis and 
management of seizures, and for characterizing the epilepsy 
syndrome. EEG and aEEG are rarely specific for an 
underlying genetic, metabolic, or structural cause. 

e Neonatal clinical epilepsy syndromes may result from any of 
multiple distinct etiologies. Conversely, mutations in 
individual genes have been described to cause variable 
phenotypes. 


Introduction 


Neonatal seizures have diverse causes. Most are the result of 
acute problems, such as hypoxic-ischemic encephalopathy, 
stroke, central nervous system infection, or electrolyte 
derangement. Neonatal seizures with acute symptomatic etiol- 
ogies are excluded from the definition of neonatal onset epi- 
lepsy, as acute symptomatic neonatal seizures typically resolve 
as the acute brain insult stabilizes. As compared to acute 
symptomatic seizures, neonatal seizures of remote etiologies, 
including structural, genetic, and metabolic causes, are less 
common. Approximately 10-1596 of neonates with seizures 
have an underlying neonatal onset epilepsy [1]. Because they 
are not expected resolve quickly, and reflect a more chronic 
condition, these seizures are considered neonatal onset epilep- 
sies. The recognition of neonatal epilepsies is important for 
improving the outcomes of infants, especially those with epi- 
leptic encephalopathies, as it allows early detection, precise 
diagnosis, and appropriate treatment. 

Conventional EEG remains the gold standard for the diag- 
nosis of neonatal seizures. In addition, interictal EEG can assist 
in assessing the severity and type of brain dysfunction in each 
infant. Amplitude-integrated EEG (aEEG) has been used 
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increasingly in neonatal intensive care units (NICUs) for the 
diagnosis and monitoring of neonatal seizures. The EEG find- 
ings of neonates with seizures are usually dependent upon the 
abnormalities caused by acute brain insults. However, the EEG 
findings of neonatal epilepsies can differ substantially, even 
among patients with the same disorder. As each individual 
disorder is rare with variable manifestations, it is currently 
difficult to definitively detail the EEG/aEEG findings in each 
of the neonatal epilepsies. Rather, some features more com- 
monly seen can be described, with recognition that there is 
variability between patients. Ongoing research is necessary for 
the development of a more comprehensive description of the 
EEG findings in neonatal epilepsies. 


Etiology 


Many underlying disorders can act as a remote etiology of 
neonatal seizures. These are classified into structural, genetic, 
and metabolic types. There is often overlap in phenotypes 
across multiple etiologies; conversely, mutations in individual 
genes have been demonstrated to manifest as a variety of 
phenotypes. Systematic approaches to diagnosis have been 
suggested for the diagnostic evaluation in neonatal epilepsy 
[2]. 

Among the structural causes, various malformations in cor- 
tical development are the most common, accounting for 5-996 
of neonatal epilepsies [3, 4]. Hemimegalencephaly (also known 
as unilateral megalencephaly), holoprosencephaly, lissence- 
phaly, focal cortical dysplasia, tuberous sclerosis, schizence- 
phaly, and polymicrogyria are among causes of neonatal 
epilepsies. Less common causes of neonatal epilepsies are 
intrauterine acquired lesions, such as porencephaly secondary 
to in utero periventricular hemorrhage, ulegyria secondary to 
intrauterine ischemia, and congenital infection. As neuroima- 
ging techniques improve, structural causes of neonatal epilepsy 
are increasingly recognized. 

The list of genetic disorders causing neonatal epilepsies is 
growing rapidly. As a result of the outstanding methodological 
progress in genetic analyses, many genes are now known to be 
associated with neonatal epilepsies. However, the genotype- 
phenotype correlation in these genes is not always straightfor- 
ward. KCNQ2 was first recognized as the causative gene of 
benign familial neonatal seizures (BFNS) [5], whereas 
later studies revealed that KCNQ2 mutations are also 
found in infants with epileptic encephalopathy of neonatal 
onset [6]. SCN2A mutations were first found in patients 
with benign familial neonatal-infantile seizures [7]. 


However, SCN2A mutations are also present in some 
patients with other severe phenotypes, including early 
infantile epileptic encephalopathy (EIEE), Dravet syn- 
drome, and epilepsy of infancy with migrating focal sei- 
zures. Further research is needed to clarify how individual 
mutations and modifying factors might be associated with 
specific phenotypes. 

Metabolic causes, that is, inborn errors of metabolism, 
are rare but important causes of neonatal epilepsies. 
Prompt diagnosis is necessary to start appropriate treat- 
ment and potentially prevent irreversible neurodevelop- 
mental sequelae. Metabolic causes of neonatal epilepsies 
are classified into three different categories: disturbances 
in neurotransmitter metabolism, disorders of energy pro- 
duction, and biosynthetic defects. In a majority of these 
disorders, there are biomarkers that can serve as clues to 
diagnosis: an elevation of glycine level is characteristic of 
non-ketotic hyperglycinemia, increased sulfite levels are 
crucial in isolated sulfite oxidase deficiency and molybde- 
num cofactor deficiency, and an elevation in very long- 
chain fatty acids is seen in peroxisomal disorders. 
A detailed discussion of each of these individual disorders 
is beyond the scope of this chapter (see the review by 
Dulac et al. [8]); rather, unifying characteristics and EEG 
findings are discussed below. 

The classification of the causes of neonatal epilepsies is not 
always simple. Inborn errors of metabolism and most of the 
malformations in cortical development are likely genetic dis- 
orders, even if the causative gene is difficult to determine. 
Similarly, lissencephaly due to ARX mutations can be categor- 
ized as both a genetic disorder and a structural disorder. 
Zellweger syndrome is one of the peroxisomal biogenesis dis- 
orders caused by mutations in PEX genes, which are associated 
with malformations in cortical development and metabolic 
disorders, including elevations in very long-chain fatty acids 
levels. Classifications of the causes of neonatal epilepsy may be 
revised as knowledge increases about the basic mechanisms of 
epileptogenicity. 


Clinical Manifestations 


Studies have attempted to distinguish etiology of neonatal 
seizures by seizure semiology. Focal clonic seizures are most 
commonly seen when the etiology is acute provoked illness [9], 
though importantly, this is not diagnostic. Similarly, myoclo- 
nic seizures are particularly common in inborn errors of meta- 
bolism or vitamin-dependent epilepsies [10]. Clinical features 
rarely are specific to a particular gene mutation among the 
genetic epilepsies [11]. One must always be aware of electro- 
clinical uncoupling in neonates suspected to have seizures. 
Ictal EEGs show that the majority of seizures are subclinical 
and not associated with any clinical symptoms. Conversely, 
many suspicious clinical phenomena such as bicycling/pedal- 
ing and crawling are not of cortical origin and do not represent 
seizures. The diagnosis of seizures based on visual observation 
of clinical behaviors is unreliable, and misdiagnosis can occur 
frequently [12]. Thus, the diagnosis of seizures in neonates 
must be confirmed by some form of EEG. 
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Electroencephalography 
Conventional EEG 


Conventional EEG plays an essential role in the diagnosis of 
neonatal epilepsies. Ictal EEG recordings are necessary to 
unequivocally determine the presence or absence of seizures. 
The American Clinical Neurophysiology Society has proposed 
a standard for neurophysiological monitoring in neonates [13]. 
Continuous video-EEG with electrodes placed according to the 
International 10-20 system modified for neonates, is the gold 
standard for monitoring [14]. Even in infants with neonatal 
epilepsies, some non-epileptic motor symptoms mimicking epi- 
leptic seizures may be observed. When two or more different 
seizure-like phenomena are seen in one infant, an ictal EEG 
recording should be performed to determine whether each clin- 
ical phenomenon is epileptic or non-epileptic. When non- 
epileptic seizure-like phenomena are misdiagnosed as epileptic 
seizures, unnecessary anti-seizure medications may be adminis- 
tered in high doses for a long period, leading to potential adverse 
effects on the developing brain. 

Most seizures in infants with neonatal epilepsies are of focal 
onset. Focal-onset seizures in neonatal epilepsies are usually 
characterized by a sudden, repetitive, evolving, and stereo- 
typed ictal EEG pattern with a clear beginning, middle and 
end, and a minimum duration of 10 seconds [15]. These EEG 
findings are similar to acute symptomatic seizures in neonates. 
The minimum seizure duration of 10 seconds is applied by 
convention for electrographic-only seizures. Brief rhythmic 
discharges (BRDs) consist of electrographic activity meeting 
the criteria for a seizure except that they last less than 10 
seconds; BRDs occur more often in neonates with pathological 
findings and often co-exist with subclinical seizures [16]. The 
site of seizure onset is most commonly in the central and 
temporal areas, although other locations are not rare. 
Bilaterally synchronous generalized spike-and-wave com- 
plexes are exceedingly rare in neonates. This may be explained 
by the physiological and anatomical characteristics of the 
immature brain, including the lack of well-developed dendritic 
systems, the paucity of synapses, and the poor myelination of 
axons, which can limit synaptic transmission and reduce wide- 
spread recruitment of epileptic networks in the neonate. 

Generalized seizures in neonates are limited to epileptic 
spasms, myoclonic seizures, and tonic seizures. These are typi- 
cally of brief duration. In these types of seizures when there is 
a clear clinical correlate to the ictal EEG pattern, the minimum 
duration of 10 seconds is not required. Interestingly, a Neonatal 
Seizures Task Force in ILAE stated that newborns have been 
shown to have seizures with exclusively focal onset [17]. 

Epileptic spasms: The clinical manifestations and ictal EEG 
findings of epileptic spasms in neonates are similar to those in 
older infants. The motor phenomena of epileptic spasms are 
characterized by brief contractions, typically involving the axial 
muscles and proximal limb segments, mostly occurring in clus- 
ters [18]. They are usually symmetric, but a variety of asym- 
metric or focal signs can be observed during events [18, 19]. 
Features of the ictal EEG of epileptic spasms in older infants 
include (1) fast waves preceding spasms, (2) high-voltage slow 
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waves with positive deflection, and (3) desynchronization of 
electrical activity [18, 19, 20]. This is similar to the epileptic 
spasms in neonates (Figure 9.1), though there have been no 
detailed reports on the ictal EEG findings of epileptic spasms 
specifically in neonates. One recent neurophysiological study in 
older infants and children suggested that epileptic spasms may 
be of focal onset: ictal augmentation of high-frequency oscilla- 
tions was most prominent in a focal seizure onset zone of 
epileptic spasms [21]. It is unknown whether this also may be 
the case in neonatal spasms. 

Desynchronization of the EEG, characterized by a sudden 
widespread attenuation of EEG voltage, can be observed in 
both epileptic and non-epileptic conditions. Thus, desynchro- 
nization is inappropriate for the confirmation of epileptic 
seizures. Desynchronization is seen even in normal neonates 
in association with arousal during quiet sleep. 

Myoclonic seizures: Without an ictal EEG recording, myo- 
clonic seizures are difficult to differentiate from non-epileptic 
myoclonus. Mizrahi and Kellaway [22] considered myoclonic 
seizures to be either epileptic or non-epileptic. Ictal video-EEG 
recordings should be performed when an infant has motor 
phenomena suspected to be myoclonic seizures, to distinguish 
them from non-epileptic myoclonus lacking ictal EEG correlate. 

Tonic seizures: Generalized tonic seizures are extremely 
rare in neonates. Mizrahi and Kellaway [22] characterized 
generalized tonic seizures as mainly non-epileptic in neonates. 
However, Watanabe et al. [23] reported three neonates with 
holoprosencephaly having epileptic generalized tonic seizures 
associated with a typical epileptic recruiting rhythm on EEG. 
More commonly, focal-onset seizures with tonic posturing or 
increased muscle tone are misdiagnosed as generalized tonic 
seizures [24]. 

Interictal EEG findings are also useful in diagnosing neonatal 
epilepsies. Unusual patterns of interictal background activity 
may be observed in infants with seizures due to remote sympto- 
matic etiologies, especially in those with brain malformations. 
Although there is no evidence associating specific background 
patterns to outcomes for each of the individual neonatal onset 
epilepsies, in general, seizures and developmental outcomes 
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Figure 9.1 Ictal EEG findings of epileptic spasms 
in an infant with non-ketotic hyperglycinemia. Fast 
waves preceded spasms, high-voltage slow waves 
with positive deflection corresponding to flexor 
spasms were observed, and desynchronization of 
electrical activity appeared after spasms. Courtesy of 
Dr. Tetsuo Kubota, Anjo Kosei Hospital. Calibration, 
100 uV, 1 sec. 


worsen as a function of the severity of the abnormalities in 
background patterns. 

The most prominent abnormality in EEG background activ- 
ity is a “suppression-burst” pattern (Figure 9.2), the hallmark of 
EIEE and early myoclonic encephalopathy (EME). It is charac- 
terized by higher-voltage bursts of slow waves mixed with multi- 
focal spikes, alternating with an isoelectric suppression phase 
[25]. A more precise definition of suppression-bust has not been 
universally established, and the term "suppression-burst" has 
been used arbitrarily. For this reason, the definition of suppres- 
sion-burst may differ among researchers. Some consider that 
the EEG must be isoelectric during the suppression phase to 
constitute suppression-burst, whereas others may include EEGs 
with low-voltage but continuous/intermittent activity during 
the suppression phase. The EEG findings may differ according 
to neonates' sleep stage; in some infants, a suppression-burst 
pattern is clearly present during quiet sleep and is less clear 
during active sleep or wakefulness. While some researchers 
include such EEG patterns in suppression-burst, in EIEE 
a true suppression-burst pattern appears consistently and 
unchangingly during both the awake and asleep states, accord- 
ing to the original report [25]. Complicating matters further, the 
term "suppression-burst" is sometimes used interchangeably 
with “burst suppression" to refer to severely suppressed back- 
ground EEG due to an acute brain insult. The EEGs of infants 
with severe hypoxic-ischemic encephalopathy may show burst 
suppression, indicating the presence of severe brain lesions 
and poor developmental outcomes. The EEG patterns of the 
suppression-bursts of infants with neonatal epilepsies differ 
substantially from those of burst suppression seen with severe 
brain insults. With the suppression-burst pattern of infants 
with neonatal epilepsies, the amplitude of the EEG activity 
during the burst phase is usually very high, spikes or sharp 
waves are abundant, and the duration of suppression phase is 
around 5-10 seconds [25]. With the burst suppression pat- 
tern of infants with severe brain insults, the amplitude of the 
EEG activity during the burst phase is relatively lower, and 
the duration of suppression phase is much longer (e.g., 40-60 
seconds) [26]. 
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Multichannel conventional EEG has been the gold standard for 
the diagnosis of neonatal seizures. However, conventional EEG 
recording requires the expertise of a trained technologist and 
experienced neurologists or neurophysiologists which may 
limit access to EEG in many centers, particularly during 
nights and weekends. aEEG represents a bedside solution to 
fill this gap. aEEG is a processed EEG that is filtered and time 
compressed. aEEG can be applied by personnel with minimal 
training, including nursing staff and residents, and may be 
interpreted by persons without neurophysiology training 
[27]. 

aEEG findings are classified primarily according to three 
components: the lower margin, the upper margin, and presence 
of cycling [28]. The lower margin of an aEEG trace is deter- 
mined by the minimum amplitude and spacing of peaks in the 
EEG activities within an EEG segment. The lower margin is 
lowered when an inter-burst interval becomes longer. The 
upper margin is defined by the peak-to-peak amplitude of 
EEG activities within an EEG segment. Cycling represents per- 
iodic fluctuation in the width of the aEEG tracing across differ- 
ent sleep and wake states, due to alternation between 
continuous and discontinuous EEG activity within a sleep 
cycle [29]. The tracé alternant stage during quiet sleep repre- 
sents a more discontinuous background corresponding to 
a wider aEEG tracing, whereas other sleep stages and wakeful- 
ness represent a more continuous background, with a narrower 
aEEG tracing. 

On aEEG, seizures may appear as an abrupt rise in the 
lower margin, often associated with a rise in the upper margin 
[28]. This is usually true for infants with neonatal epilepsies. 
However, some exceptional findings may be found. Ito et al. 
[30] reported downward seizure patterns on an aEEG in an 
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Figure 9.2 EEG and aEEG of suppression-burst 
pattern of infants with EIEE. 

On aEEG, the upper margin was 50-100 uV and the 
ower margin was 5-10 uV. This differs from the 
definition of a burst suppression pattern caused by 
an acute brain insult, which is characterized by 

a lower margin below 2-3 uV. The corresponding 
EEG shows high-amplitude bursts with spikes and 
sharp waves alternating with comparatively 
suppressed, but not isoelectric, inter-burst intervals. 
Courtesy of Dr. Toru Okanishi, Seirei Hamamatsu 
Hospital. Calibration, 100 uV, 1 sec. 
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infant with holoprosencephaly. In that infant, interictal EEG 
showed periodic high-voltage activities, and ictal EEG changes 
were associated with low-voltage fast rhythms, followed by 
slow waves of increasing amplitude and decreasing frequency 
(Figure 9.3). Vilan and colleagues [31] reported a distinctive 
aEEG pattern among a series of neonates with seizures due to 
KCNQ2 mutations. These newborns had a normal aEEG back- 
ground, with seizures characterized by an abrupt rise of the 
upper and lower margin, followed by overall amplitude sup- 
pression. While not unique to KCNQ2-related epilepsies, this 
does reflect the typical EEG finding of normal background 
interrupted by isolated, brief, high-amplitude seizures that 
are followed by a variable period of post-ictal suppression. 
EEG/aEEG may show very unusual patterns in infants with 
severe neonatal epilepsies. Information from the aEEG is com- 
plemented by continuous full-array conventional EEG mon- 
itoring in infants with neonatal epilepsies. 

Burst suppression patterns are also important aEEG 
findings. Burst suppression in aEEG is defined as discon- 
tinuous activity with a lower margin at 0-2 uV without 
variability and an upper margin with an amplitude 
> 25 uV [28]; it is observed in infants with severe acute 
brain insults. Burst suppression in aEEG reflects prolonged 
inter-burst intervals and short bursts of higher amplitude 
activity. Notably, these findings can differ from the sup- 
pression-burst pattern on aEEG in neonatal epilepsy. 
Figures 9.2 and 9.4 show aEEG findings of suppression- 
burst in infants with EIEE and EME. With regard to 
aEEG in suppression-burst, the upper margin is very high 
(>100 pV), the lower margin is not markedly lowered (>5- 
10 uV), and the density of the aEEG trace is thick. These 
findings are not consistent with the aEEG definition of 
burst suppression. However, inter-burst intervals are very 
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Figure 9.3 Downward seizure pattern on aEEG in infants with holoprosencephaly. 

Left. Interictal aEEG and EEG. High-voltage periodic discharges were observed consistently on EEG. On aEEG, both upper and lower margins were markedly elevated. 
Right. aEEG and EEG at the beginning of a seizure. Low-voltage fast rhythms were observed from the right centrotemporal area on EEG. aEEG showed downward 
deflection, due to reduced amplitude of EEG activities associated with a seizure. Courtesy of Dr. Hiroyuki Kidokoro, Nagoya University Graduate School of Medicine. 
This infant was discussed in Ito et al. 2014. Calibration, 100 uV, 1 sec. 
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long in some infants with EIFE. In such situations, an aEEG are highly variable; thus, their interpretation should be 
trace may resemble a burst suppression due to an acute made with careful consideration for the individual case. 

brain insult, whereas the upper margin will remain higher. The small number of electrodes, which ranges from three to 
The EEG/aEEG findings of infants with neonatal epilepsy five in typical aEEG recordings, may limit seizure detection by 
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aEEG. Seizures arising from brain areas distant from the elec- 
trodes can be missed. Although placement of electrodes in the 
frontal head region is easier due to the lack of hair, the frontal 
location has a lower sensitivity for seizure detection [32]. If 
only a single-channel aEEG is possible, then a bicentral 
derivation should be used; however, two-or-more-channel 
aEEG recordings are recommended for increased sensitivity 
[33]. Ictal EEG changes can be limited to a narrow, specific 
area in some infants with neonatal epilepsies, especially 
those with small focal lesions. Seizures can be missed 
when an appropriate montage is not applied during aEEG 
recording. Another limitation of aEEG is that seizures of 
short duration may not be detected. On aEEG, the EEG 
signal is plotted as a single vertical line representing a 15- 
second sample of data. Thus, seizures lasting for a few 
seconds or less, such as epileptic spasms and myoclonic 
seizures, may not be visible on aEEG. When aEEG does 
not show ictal changes during clinical phenomena sus- 
pected to be seizures, multichannel conventional EEG 
should be performed to definitively assess the potential 
epileptic basis of these phenomena. 


Continuous EEG/aEEG Monitoring 


Continuous EEG/aEEG monitoring is necessary to deter- 
mine the efficacy of treatment for neonatal seizures, 
because electrographic only seizures are very frequent in 
neonates, especially after administration of anti-seizure 
medication. Some evidence suggests that seizure burden 
can be reduced by continuous EEG/aEEG monitoring 
combined with vigorous treatment of both electroclinical 
and subclinical seizures in term infants with hypoxic- 
ischemic encephalopathy [34]. It is uncertain whether 
a similar therapeutic strategy should be adopted for sei- 
zures in infants with neonatal epilepsies. Since subclinical 
seizures can be observed in infants with neonatal epilep- 
sies, continuous EEG/aEEG monitoring is necessary to 
objectively determine the efficacy of treatment. However, 
it is uncertain whether intensive treatment can reduce the 
seizure burden in infants with neonatal epilepsies, because 
the seizures in these infants are sometimes highly resis- 
tant to the usual anti-seizure medications. 
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Epilepsy Syndromes 
Self-Limited Familial and Non-Familial Neonatal 
Epilepsy 


Benign familial neonatal seizures (BFNS) were first reported in 
1964 by Rett and Teubel [35], and have been listed in the 
International ^ Classification of Epilepsies, Epileptic 
Syndromes, and Related Disorders since 1989. Now, BENS 
has been renamed as self-limited familial neonatal epilepsy 
(SENE). In 1998, Singh et al. [5] identified mutations in the 
KCNQ2 gene in patients with SENE. In the same year, mole- 
cular studies supported the pathogenic role of these mutations 
[36]. KCNQ2 gene mutations are now known to be the under- 
lying cause of SENE in a substantial proportion of cases [37]. 
Subsequently, the KCNQ3 gene was identified as another cau- 
sative gene of SFNE [38] 1998). Benign non-familial neonatal 
seizures (BnFNS), renamed as self-limited non-familial neona- 
tal epilepsy (SnFNE), were first described as “fifth day fits” 
[39]. In some infants with SnFNE, KCNQ2 mutations have 
been reported. This indicates that the molecular mechanisms 
of the seizures associated with SFNE and SnFNE may be 
shared. 

The clinical manifestations of SFNE and SnFNE do not 
differ substantially. The general condition of the infants is 
good, and physical and neurological examinations are unre- 
markable. Seizures appear on the second to fifth day of life in 
most infants, although some infants may have later seizure 
onset during the first through the third months of life. 
Seizure manifestations are variable among infants, though 
focal tonic and clonic seizures are commonly reported. 
Convulsive movements, automatisms, oculo-facial features, 
and autonomic signs including desaturation and apnea may 
be observed. Seizures may differ from seizure to seizure in 
a single infant. Other types of seizures, such as epileptic spasms 
and myoclonic seizures, are not characteristic of the clinical 
syndrome of SFNE. However, they may be seen in more severe 
phenotypes also associated with KCNQ2 mutations, as 
described below. 

Ictal EEG shows focal seizure onset in infants with SFNE 
and SnFNE (Figure 9.5). Seizure onset is usually characterized 
by low-voltage rhythmic activity with or without prior 


Figure 9.5 lctal EEG findings from an infant with 
self-limited non-familial neonatal epilepsy 
Rhythmic low-voltage spikes were seen in the right 
occipital area [arrows]. Calibration, 100 uV, 1 sec. 
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desynchronization. This may evolve to higher amplitude sharp 
waves or spike-wave discharges. The site of seizure onset may 
vary in a single infant. Interictal EEG is usually normal. In early 
publications, a “théta pointu alternant” was reported in infants 
with SnFNE, characterized by a dominant theta activity, alter- 
nating or discontinuous, and unreactive with sharp waves and 
frequent inter-hemispheric asynchrony [39]. However, this 
pattern is not specific to SnFNE, and its diagnostic value is 
unclear. As above, aEEG may demonstrate normal aEEG back- 
ground with seizures appearing as an abrupt rise of the upper 
and lower margin, followed by overall amplitude suppression 
[31]. 

Seizures in SFNE or SnFNE are presumed to cease in the 
first year of life without treatment in most cases, although 
sodium channel blocking drugs, particularly oxcarbazepine, 
may be effective in controlling seizures until epilepsy remis- 
sion. Although many infants with SFNE and SnFNE have no 
long-term sequelae, approximately 15-2096 have a recurrence 
of epilepsy later in life [37, 40]. While for neonates whose 
clinical syndrome remains consistent with SENE or SnFNE 
long-term outcomes are typically good, those with more severe 
KCNQ2 disease have variable outcomes. Most infants with 
SFNE/SnFNE achieve normal psychomotor development and 
seizure freedom. Recent studies demonstrated that infants with 
the 20q13.33 microdeletion involving both KCNQ2 and 
CHRNAA showed a favorable epilepsy phenotype, similar to 
that of SFNE [41]. 


Early Infantile Epileptic Encephalopathy (EIEE) 
and Early Myoclonic Encephalopathy (EME) 


Early infantile epileptic encephalopathy (EIEE), also known 
as Ohtahara syndrome, was first described by Ohtahara et al. 
[42], and early myoclonic encephalopathy (EME) was first 
identified by Aicardi and Goutiéres [43]. These two syn- 
dromes have been well known as age-dependent epileptic 
encephalopathies; they are characterized by the EEG feature 
“suppression-burst.” The onset of seizures is mostly within 
the first month of life. Seizures are highly resistant to anti- 
seizure medication, and neurodevelopmental outcomes are 
poor. 


EIEE 


In most patients, EIEE onset is within the first month of life. 
Encephalopathy is usually present at the onset, and neurologi- 
cal examination reveals abnormal muscle tone: hypotonia or 
hypertonia. 

Originally, epileptic spasms were considered to be the 
representative seizure type of EIEE [42]. However, recent 
studies have shown that focal-onset seizures are far more 
common than epileptic spasms in infants with EIEE, some 
of whom did not have any epileptic spasms. Focal tonic and 
myoclonic seizures have been described in several studies. 

Ohtahara et al. [44] described a suppression-burst pattern in 
detail, although no formal definition of suppression-burst has 
been established. By most definitions, burst phases last for 2-6 
seconds and are characterized by very high-voltage slow waves 
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mixed with multifocal spiky discharges. Suppression phases are 
low amplitude and last for 5-10 seconds. Originally, Ohtahara 
and Yamatogi [25] emphasized that the suppression-burst pat- 
tern in EIEE appeared consistently and was unchanging during 
both awake and sleep states. However, other investigators found 
that a suppression-burst pattern may be observed only during 
sleep in some infants with EIEE. Moreover, some authors seem 
to categorize as suppression-burst highly discontinuous EEG 
patterns that are characterized by the alternating appearance 
of a burst phase and a suppression phase and that have low 
voltage but continuous/intermittent discharges, although they 
clearly differ from the original description provided by 
Ohtahara and colleagues. The presence of the suppression- 
burst pattern or its analogs indicates severe brain dysfunction 
as commonly caused by severe epilepsies; it does not reflect 
a specific underlying pathology. 

The etiology of EIEE is often genetic. Mutations in ARX, 
a key gene for the development of interneurons in the fetal 
brain, were the first genetic cause of EIEE to be identified [45]. 
A long expansion of the polyalanine residues and a frameshift 
mutation were identified in infants with EIEE. Mutations in 
ARX can result in many different phenotypes, including 
X-linked lissencephaly with ambiguous genitalia, EIEE, infan- 
tile spasms, and X-linked intellectual disability. STXBPI is 
another gene reported as pathogenic in infants with EIEE 
[46]. STXBP1 regulates a late step of neuronal/exocytic fusion, 
playing an important role in the release of neurotransmitters 
[47]. Mutations in STXBPI have been reported in other types 
of epileptic encephalopathy, including infantile spasms and 
Dravet syndrome. KCNQ2 was found to be a causative gene 
in SENE, but screening for KCNQ2 in a cohort of early-onset 
epileptic encephalopathy patients revealed KCNQ2 mutations 
in 1096 [6]. More than 20 additional genes have been reported 
to be causative for EIEE, and novel genes will likely continue to 
be identified. The genes related to ETEE are genetically hetero- 
geneous, and their functions vary widely; however, mutations 
in these many of these genes are also found in patients with 
clinical phenotypes other than EIEE. Gene panels are increas- 
ingly utilized to improve diagnostic yield for patients with 
EIEE [48]. 


EME 


The onset of EME is within the first month of life. Affected 
infants may show neurological abnormalities at birth. Altered 
consciousness, reduced reactivity, and abnormalities of muscle 
tones are frequent at the onset of seizures. The predominant 
motor symptom is fragmentary, segmental, or erratic myoclo- 
nus. Myoclonus is typically observed in the face or extremities; 
involves small areas, such as an eyelid or a finger; and often 
shifts from one area of the body to another randomly. One 
must be cautious about erratic myoclonus in infants with EME, 
as it usually lacks ictal EEG correlate, indicating that it is most 
often not of cortical origin. Axial myoclonus may be preceded 
by a burst of polyspikes on EEG, but may not be associated 
with any concurrent ictal EEG change. Focal-onset seizures are 
common in infants with EME, and epileptic spasms can also 
occur. 


Suppression-burst is the EEG hallmark of EME. 
Suppression-burst patterns in infants with EME are character- 
ized by burst phases lasting for 1-5 seconds that alternate with 
a suppression phase lasting for 3-10 seconds [49]. The dura- 
tion of the burst phase is relatively shorter in EME than in 
EIEE. Some differences in the suppression-burst pattern 
between EIEE and EME have been described. Ohtahara et al. 
[49] noted that the suppression-burst pattern in EME was 
dependent on sleep-wake state, since the suppression-burst 
pattern may be seen only or predominantly during sleep. 
However, Schlumberger et al. [50] stated that this pattern is 
consistently seen during both wakefulness and sleep, with no 
differentiation. Furthermore, as with EIEE, suppression-burst 
is not strictly defined in EME. Thus, the inclusion criteria for 
EME can differ among investigators. 

Inborn errors of metabolism are a common etiology of 
EME. Increasingly, a genetic etiology has been identified as 
the basis for the metabolic disorder. Non-ketotic hyperglyci- 
nemia is most frequently reported in infants with EME. Other 
causes of EME include p-glyceric academia, carbamyl phos- 
phate synthetase deficiency, propionic aciduria, molybdenum 
cofactor deficiency, pyridoxine deficiency, methylmalonic 
academia, sulfite oxidase deficiency, Menkes disease, and 
Zellweger syndrome. Unrelated to inborn errors of metabo- 
lism, a mutation of the ERBB4 gene, which is involved in the 
migration of interneurons to the cortex, has been identified as 
another potential cause of EME [51]. Mutations in the SIKI 
gene were found in patients with severe developmental epilep- 
sies, including EME [52]. Mutations of STXBPI, PIGA, and 
SLC25A22 have been also reported in infants with EME, as well 
as in those with EIEE. 


Controversy over EIEE and EME 

There is a continuing controversy about whether EIEE and 
EME are two distinct syndromes or whether they fall on 
a continuum for a single syndrome. Both syndromes are 
characterized by suppression-burst patterns on EEG. 
Differences in the suppression-burst patterns of EIEE and 
EME are not well defined, although some reports emphasize 
such differences [42, 43, 49]. The difference between the 
seizure type in EIEE and EME is ambiguous. Focal-onset 
seizures are very common in both EIEE and EME, and epi- 
leptic spasms have also been described in both. Historically, 
the etiology of EIEE and EME has been considered to differ, 
whereas recent genetic studies show an overlap of causative 
genes. Based on these facts, it seems reasonable to consider 
the possibility that EIEE and EME may fall on a continuum 
for a single syndrome rather than constitute two distinct 
syndromes. 


Severe Neonatal Epilepsies Other Than EIEE 
and EME 


Severe neonatal epilepsies with genetic etiologies do not always 
show burst suppression on EEG/aEEG. These are sometimes 
described simply as severe or malignant neonatal onset epilep- 
sies, encompassing multiple syndromes and etiologies. Some 
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infants with neonatal epilepsies due to KCNQ2 mutations have 
encephalopathy and seizures accompanied by an EEG demon- 
strating focal or multifocal epileptiform discharges without 
a suppression-burst pattern [53]. Neonatal-onset epilepsies 
may be observed in infants with 2924.3 duplication involving 
both SCN2A and SCN3A. The EEGs of these patients have been 
reported to show focal or generalized epileptiform discharges 
[54]. KCNTI mutations can cause neonatal-onset epilepsies as 
well as epilepsy of infancy with migrating focal seizures with- 
out a suppression-burst pattern [55]. Thus, severe neonatal 
epilepsies other than EIEE and EME are not uncommon and 
should be recognized as a major clinical entity. 


Metabolic Epilepsy 

Epilepsy due to inborn errors of metabolism is rare in neonates. 
Nevertheless, it is important to perform an immediate diagnostic 
workup if suspected, because some types of metabolic epilepsy 
can be treated with specific drugs that will be more effective if 
started earlier. Specific therapeutic interventions can be initiated 
before the diagnosis of an inborn error of metabolism has 
been established while awaiting confirmatory results. Neither 
EEG nor aEEG is diagnostic for inborn errors of metabolism, 
but they can be useful to assess the severity of brain dysfunc- 
tion and to detect seizures [56]. EEG/aEEG abnormalities can 
be a clue that the clinician should consider the possibility of 
inborn errors of metabolism. In addition, continuous EEG/ 
aEEG monitoring will help to evaluate the efficacy of specific 
treatments. 

Pyridoxine-dependent epilepsy is a severe but eminently 
treatable autosomal recessive disorder due to mutations in the 
antiquitin (ALDH7AI) gene. Pyridoxine-dependent epilepsy is 
characterized by multiple seizure types that are refractory to anti- 
seizure medications. Diagnosis can be made based on elevated 
CSF, blood, and/or urine levels of a-aminoadipic semialdehyde 
(AASA). Increasingly, diagnosis is made by direct genetic testing 
of the ALDH7A1 gene. Nabbout et al. [57] reported an EEG 
pattern suggestive of pyridoxine-dependent epilepsy with 
continuous diffuse high-voltage rhythmic delta slow waves. 
Periodic jerks may be observed with inconsistent ictal EEG 
correlation. Attenuation of the epileptiform activities and 
improvement of the background EEG findings may be 
observed after intravenous administration of pyridoxine 
(100-500 mg). However, an ambiguous response to pyridox- 
ine was reported in some genetically confirmed cases [58], 
thus the diagnosis should not be based solely on this EEG 
finding. Folinic acid can be added for patients with an incom- 
plete response to pyridoxine. 

Pyridoxal 5’-phosphate (PLP) dependency is a distinct con- 
dition due to mutations in the PNPO gene [59]. The biologi- 
cally active form of pyridoxine is pyridoxal-5-phosphate (PLP), 
which is a co-factor for ~100 enzymatic reactions vital for the 
synthesis, function, and catabolism of neurotransmitters. 
Diagnosis is made by abnormal CSF metabolite profile, or by 
direct PNPO genetic testing. Clinical manifestations and EEG 
findings of PLP dependency are indistinguishable from those 
of pyridoxine-dependent epilepsy. Both have refractory sei- 
zures, accompanied by nonseizure abnormal movements 
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Figure 9.6 EEG and aEEG of unilateral 
megalencephaly. 

The aEEG trace was asymmetrical. In the left 
hemisphere (the affected hemisphere), an unusual 
pattern with an upper margin of around 100 uV and 
a lower margin of around 5 uV was observed. The 
aEEG trace was less pathological in the right 
hemisphere. EEG showed an asymmetric 
suppression-burst pattern with bursts of higher 
voltage in the left hemisphere. Courtesy of 

Dr. Tatsuya Fukasawa, Anjo Kosei Hospital. 
Calibration, 100 uV, 1 sec. 


including abnormal eye movements and grimacing [60]. 
Infants with PLP dependency do not respond to pyridoxine 
administration and respond only to PLP, at a dose of 30- 
50 mg/kg per day. For this reason, when pyridoxine- 
dependent epilepsy is suspected, it may be clinically prudent 
to initiate treatment with PLP rather than pyridoxine alone. 
As mentioned above, early myoclonic encephalopathy is 
caused by several inborn errors of metabolism, including non- 
ketotic hyperglycinemia, molybdenum cofactor deficiency, 
and sulfite oxidase deficiency. Some peroxisomal diseases 
may present as neonatal epilepsy. Zellweger syndrome, neona- 
tal adrenoleukodystrophy, and D-bifunctional protein defi- 
ciency have been reported in infants with neonatal epilepsy. 
MRI shows characteristic abnormalities in these diseases, such 
as polymicrogyria or diffusely abnormal gyral patterns, intra- 
ventricular/caudothalamic groove cysts, and impaired myeli- 
nation, which can be diagnostic clues. No specific findings due 
to peroxisomal disorders have been reported in the conven- 
tional EEG or aEEG of patients with neonatal epilepsies. 


Neonatal Epilepsies Due to Structural Causes 


Various structural abnormalities of the brain can cause 
neonatal epilepsy. MRI plays a key role in the diagnosis 
of such abnormalities. EEG findings differ widely accord- 
ing to the type, causative gene, and severity of brain mal- 
formation. Specific EEG abnormalities are not diagnostic 
for specific types of brain malformation, but unusual back- 
ground EEG patterns have been observed in infants with 
severe brain malformations. 

Unilateral megalencephaly is a representative structural 
cause of neonatal epilepsy, especially EIEE. Unilateral mega- 
lencephaly can be associated with various skin conditions 
such as epidermal nevus syndrome, hypomelanosis of Ito, 
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Proteus syndrome, and linear nevus sebaceous syndrome. 
Conventional EEG in infants with unilateral megalencephaly 
accompanied by neonatal epilepsies often shows 
a suppression-burst pattern with high-voltage slow waves 
mixed with spiky/sharp discharges predominant in the 
affected hemisphere. aEEG may show marked asymmetry in 
infants with this condition: in the affected hemisphere, the 
lower margin is around 5 uV due to the discontinuity of EEG 
activities, and the upper margin is higher than 50-100 uV, 
corresponding to high-voltage burst activities (Figure 9.6). 
The aEEG trace in the other hemisphere varies according to 
the patient, but it usually shows fewer pathological findings. 
Early surgical treatment is recommended to improve seizures 
and developmental outcomes. 

Holoprosencephaly is sometimes associated with neona- 
tal epilepsies, although the rate of neonatal epilepsy is 
unknown. Interictal EEG findings differ substantially 
among infants. Some infants with holoprosencephaly may 
have a severely abnormal EEG with high-voltage rhythmic 
alpha-theta and delta activities, with or without spiky com- 
ponents, whereas others may show mild abnormalities of the 
EEG background. An unusual downward seizure pattern can 
be observed on aEEG in infants with holoprosencephaly 
[30]. At present, the relationship between EEG abnormal- 
ities and neuroimaging findings is not understood. 

Tuberous sclerosis is another cause of neonatal epilepsy: 
Kotulska et al. [61] reported that 21 of 421 patients with 
tuberous sclerosis developed epilepsy during the neonatal per- 
iod. EEG may reveal epileptiform discharges in the neonatal 
period, even before the onset of epilepsy. Ikeno et al. [62] 
reported on an infant with tuberous sclerosis in whom focal- 
onset seizures without perceivable clinical symptoms were 
unexpectedly identified on a routine EEG. The MRI findings 
are diagnostic in these cases. 
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(5 Practice of Neuromonitoring: Pediatric Intensive Care Unit 


Illustrative Cases 
Case 20 Cerebral Sinovenous Thrombosis 


Case 21 Mitochondrial Encephalomyopathy, Lactic Acidosis, 
and Stroke-Like Episodes (MELAS) 


Case 25 Traumatic Brain Injury 
Case 27 Autoimmune Encephalitis 


Case 28 Febrile Infection—Related Epilepsy Syndrome 
(FIRES) 


Key Points 

Status epilepticus is a life-threatening and time sensitive 
emergency. 

* Continuous EEG monitoring allows the detection of 
electrographic seizures and electrographic status epilepticus. 

e The treatment of SE consists of benzodiazepines, non- 
benzodiazepines antiepileptic drugs, and continuous 
infusions. 

* Convulsive and electrographic status epilepticus have been 
associated with short-term mortality. 

* Rapid detection and treatment of status epilepticus could 
improve outcomes. 


Electrographic Seizures and Status 
Epilepticus 


Continuum between Convulsive Status Epilepticus 
and Electrographic-Only Status Epilepticus 


Electrographic status epilepticus is defined as *uninterrupted 
electrographic seizures lasting 30 minutes or longer, or 
repeated electrographic seizures totaling more than 30 min- 
utes in any one-hour period" [1]. Electrographic status epi- 
lepticus can be classified into convulsive and nonconvulsive 
status epilepticus. In some patients, these may represent 
a continuum with two main phases. The first phase is char- 
acterized by generalized tonic-clonic seizures that increase 
sympathetic response, with increased arterial blood pressure 
and increased cerebral blood flow and cerebral metabolic 
demand [2, 3]. After approximately 30 minutes of convulsive 
seizures, the second phase starts, characterized by failure of 
cerebral autoregulation, decreased cerebral blood flow, meta- 
bolic decompensation, and electroclinical uncoupling, 
defined as the continuation of the electrical seizure activity 
with fewer correlating clinical manifestations [2, 3]. In clin- 
ical practice, a prolonged seizure is often considered status 
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epilepticus operationally, and treated as such after 5 minutes 
of continuous seizure [4]. 

Electrographic seizures can also be divided into convulsive 
seizures (electroclinical or clinically evident seizures) and 
nonconvulsive seizures (occult, or EEG-only seizures). 
Nonconvulsive seizures by definition have no clinical correlate 
[1, 5] and thus cannot be detected without continuous EEG 
monitoring (CEEG). Thus, cEEG is required for the accurate 
diagnosis and optimal management of electrographic seizures 
and electrographic status epilepticus. Accordingly, its use has 
increased in the intensive care unit (ICU) [1, 6]. 


Epidemiology of Electrographic Seizures and Status 
Epilepticus in the ICU 


Convulsive status epilepticus is one of the most common 
neurological emergencies in childhood [7]. Status epilepticus 
has an incidence of 6.8-41/100,000 per year in adults and 
children [8], and the incidence is higher in infants under 
1 year of age: 135-156/100,000 per year [8-10]. 

Considering electrographic seizures, different studies have 
reported an incidence of 10%-42% among critically ill children 
who underwent clinically indicated cEEG [11-23]. There is 
high variability between these studies, which may be explained 
by small sample sizes and differences in the indications for 
cEEG between centers [24]. A study by Abend and colleagues 
of 550 children from 11 tertiary care institutions who under- 
went clinically indicated cEEG found that electrographic sei- 
zures occurred in 3096, of which 3896 had electrographic status 
epilepticus [25]. Another study, led by Claassen, of 570 criti- 
cally ill adults and children who underwent cEEG monitoring 
found electrographic seizures in 1996 [26]. These relatively 
high seizure detection rates reflect the highly selected patient 
populations in these studies, and the incidence of seizures 
among general ICU populations is likely considerably lower. 


Need for cEEG to Recognize Electrographic-Only 
Seizures 


Electrographic seizures with no clinical correlate require cEEG 
for their detection. The multicenter study by Abend et al. 
found that among those critically children having seizures, 
3596 of the electrographic seizures had no accompanying clin- 
ical signs [25]. In the Claassen study of critically ill adults and 
children, 9296 of the electrographic seizures were nonconvul- 
sive [26]. Similarly, a study of cEEG monitoring among 236 
comatose children and adults who had no clinical signs of 
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lepticus can be classified into convulsive and nonconvulsive 
status epilepticus. In some patients, these may represent 
a continuum with two main phases. The first phase is char- 
acterized by generalized tonic-clonic seizures that increase 
sympathetic response, with increased arterial blood pressure 
and increased cerebral blood flow and cerebral metabolic 
demand [2, 3]. After approximately 30 minutes of convulsive 
seizures, the second phase starts, characterized by failure of 
cerebral autoregulation, decreased cerebral blood flow, meta- 
bolic decompensation, and electroclinical uncoupling, 
defined as the continuation of the electrical seizure activity 
with fewer correlating clinical manifestations [2, 3]. In clin- 
ical practice, a prolonged seizure is often considered status 
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epilepticus operationally, and treated as such after 5 minutes 
of continuous seizure [4]. 

Electrographic seizures can also be divided into convulsive 
seizures (electroclinical or clinically evident seizures) and 
nonconvulsive seizures (occult, or EEG-only seizures). 
Nonconvulsive seizures by definition have no clinical correlate 
[1, 5] and thus cannot be detected without continuous EEG 
monitoring (CEEG). Thus, cEEG is required for the accurate 
diagnosis and optimal management of electrographic seizures 
and electrographic status epilepticus. Accordingly, its use has 
increased in the intensive care unit (ICU) [1, 6]. 


Epidemiology of Electrographic Seizures and Status 
Epilepticus in the ICU 


Convulsive status epilepticus is one of the most common 
neurological emergencies in childhood [7]. Status epilepticus 
has an incidence of 6.8-41/100,000 per year in adults and 
children [8], and the incidence is higher in infants under 
1 year of age: 135-156/100,000 per year [8-10]. 

Considering electrographic seizures, different studies have 
reported an incidence of 10%-42% among critically ill children 
who underwent clinically indicated cEEG [11-23]. There is 
high variability between these studies, which may be explained 
by small sample sizes and differences in the indications for 
cEEG between centers [24]. A study by Abend and colleagues 
of 550 children from 11 tertiary care institutions who under- 
went clinically indicated cEEG found that electrographic sei- 
zures occurred in 3096, of which 3896 had electrographic status 
epilepticus [25]. Another study, led by Claassen, of 570 criti- 
cally ill adults and children who underwent cEEG monitoring 
found electrographic seizures in 1996 [26]. These relatively 
high seizure detection rates reflect the highly selected patient 
populations in these studies, and the incidence of seizures 
among general ICU populations is likely considerably lower. 


Need for cEEG to Recognize Electrographic-Only 
Seizures 


Electrographic seizures with no clinical correlate require cEEG 
for their detection. The multicenter study by Abend et al. 
found that among those critically children having seizures, 
3596 of the electrographic seizures had no accompanying clin- 
ical signs [25]. In the Claassen study of critically ill adults and 
children, 9296 of the electrographic seizures were nonconvul- 
sive [26]. Similarly, a study of cEEG monitoring among 236 
comatose children and adults who had no clinical signs of 
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status epilepticus found that 896 had nonconvulsive status 
epilepticus [27]. Even if seizures initially have clinical signs, 
cEEG is required to determine whether they have resolved: 
a multicenter study of 98 children with convulsive status epi- 
lepticus who underwent cEEG found that 1196 continued to 
have electrographic-only seizures after termination of convul- 
sive seizures [28]. 


Effect of Seizures and Status Epilepticus 
on Outcome 


The mortality of pediatric status epilepticus ranges from 
096—596 [9, 29-31], lower than the 896-996 mortality reported 
in adults [32, 33]. Patients who survive status epilepticus often 
subsequently have developmental impairments, epilepsy, and 
recurrent status epilepticus [34, 35]. Younger patients are 
affected most frequently, with a higher mortality and morbid- 
ity. A follow-up study of 193 children with status epilepticus 
found neurological sequelae in 9.196 of the 186 survivors: 2996 
of infants younger than 1 year of age, 1196 of children 1 to 3 
years of age, and 696 of children older than 3 years of age. 
However, this paralleled the greater incidence of acute neuro- 
logical disease in the younger age groups. Within each cause of 
status epilepticus, age did not affect outcome [30, 36]. 

Electrographic seizures and particularly electrographic sta- 
tus epilepticus have been associated with poor outcomes. 
A study of 204 comatose children demonstrated that the pre- 
sence of electrographic seizures independently predicted an 
unfavorable outcome (severe handicap or vegetative state) 
after 1 month, while normal EEG background activity pre- 
dicted survival [18]. In the Abend multicenter study of 550 
children who underwent EEG monitoring in the ICU, 1396 
died. Among that cohort, death was associated with electro- 
graphic status epilepticus (OR 2.42), but not with electro- 
graphic seizures (OR 1.78) [25]. Death was more common in 
patients who had electrographic status epilepticus and an acute 
neurological disorder, but not more common in epilepsy- 
related disorders. Patients with electrographic status epilepti- 
cus also had a longer pediatric ICU stay. Among 200 children 
who underwent cEEG monitoring in a single pediatric ICU, 
electrographic status epilepticus (but not electrographic sei- 
zures) was associated with higher mortality (OR 5.1) and 
worsening of their neurological status at ICU discharge (OR 
17.3) [23]. Moreover, electrographic seizure burden during 
critical illness has also been associated with decline in neuro- 
logical status [37]. 


Monitoring for Electrographic Seizures 
and Status Epilepticus 


Duration of Monitoring 


Several studies have demonstrated that only a small minority of 
seizures are detected during the first hour of cEEG [11, 26, 38]. 
A study of 101 critically ill children found that 5296 of children 
experienced their first seizure within the first hour of cEEG, 
and 87% experienced their first seizure within the first 24 hours 
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[11]. In a cohort of 570 adults and children undergoing pro- 
longed cEEG monitoring, the first seizure occurred within 
24 hours in 8896 of patients, during the second day in 596, 
and after 48 hours in 796 [26], with comatose patients being 
more likely to experience seizure onset after 24 hours (OR 4.5). 
Therefore, although a routine EEG would fail to detect most 
seizures, 24 hours of monitoring is sufficient to detect seizures 
among the vast majority of critically ill children at risk. 


Financial Aspects and Suggestions for Clinical Care 


Longer cEEG detects more seizures, but also consumes limited 
resources. A study from the United States evaluated the cost- 
effectiveness of four electrographic seizure identification stra- 
tegies: no monitoring, monitoring for 1 hour, for 24 hours, or 
for 48 hours [39]. The authors estimated that the cost of 
a l-hour EEG costs $466, 24 hours $1,666, and 48 hours 
$22,648. At the same time, a 1-hour EEG would identify only 
5596 of the seizures; this percentage would increase to 8596 in 
24 hours, but only to 8996 in 48 hours. Their results supported 
monitoring critically ill children for 24 hours [39]. However, 
some studies showed that comatose patients may need mon- 
itoring longer than 24 hours [26], particularly patients with 
periodic discharges on EEG [26]. There remains a high varia- 
bility in cEEG practices among institutions [6, 40]. The optimal 
duration of cEEG monitoring could depend on several factors, 
such as clinical parameters, initial EEG characteristics, and the 
available resources, but these are yet not fully understood [41]. 
From the cost-effectiveness perspective, small variations in the 
cEEG monitoring strategies can have a major impact on the 
seizure identification and resource utilization [42]. A recent 
consensus statement recommended cEEG monitoring for chil- 
dren at risk of seizures for 24-48 hours [43, 44], continuing 
cEEG monitoring for 24 hours after cessation of electrographic 
seizures and weaning off anesthetic infusions, and for 48 hours 
following an acute brain insult in comatose patients. 


Quantitative EEG Analysis to Identify Recurrent 


Seizures 


In addition to standard cEEG analysis, QEEG offers 
a complementary method to facilitate rapid identification of 
recurrent electrographic seizures at the bedside [1]. QEEG 
techniques separate the EEG signals into amplitude and fre- 
quency, and compress time so that several hours can be dis- 
played in one image, more easily allowing recurrent, 
paroxysmal changes to be identified (Figure 10.1) [1]. Color 
density spectral array (CDSA) EEG displays time on the x-axis 
and frequency on the y-axis, and represents the power (ampli- 
tude and frequency) with color; seizures appear in warmer 
colors [1]. However, if a seizure does not increase substantially 
in frequency or amplitude, it may not be apparent on CDSA. 
Conversely, artifacts that increase frequency or power could be 
mistaken for seizures on CDSA [45]. Thus, while CDSA may 
facilitate early recognition of seizures, confirmation with review 
of cEEG is required for definitive diagnosis. Another type of 
QEEG, amplitude-integrated EEG, represents time on the x-axis 
and amplitude on the y-axis, with seizures displayed as upward 
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Figure 10.1 Quantitative EEG techniques. 


Electrographic seizure 


EEG from a 13-year-old boy resuscitated from cardiac arrest with hypoxic-ischemic brain injury. 
(A) A 2-hour color density spectral array (CDSA) and amplitude-integrated EEG (aEEG). Time progresses along the x-axis and amplitude is shown on the y-axis. For CDSA, 
power is shown in color. (B) The EEG background is low amplitude and slow, and thus both the aEEG and CDSA trends show low-amplitude activity. (C) During an 


electrographic seizure, amplitude and frequency are increased. 


Reproduced from Electrographic seizures and status epilepticus in critically ill children and neonates with encephalopathy, Abend, N. S., et al., Lancet Neurol. 2013;12 


(12): pp. 1170-9, Copyright 2016, with permission from Elsevier. [109] 


arches on the y-axis [1] (Figure 10.1). These QEEG trends may 
be displayed in conjunction to allow easier seizure recognition. 

The advantage of quantitative EEG techniques is that they save 
time as compared to visual analysis of cEEG, and seizures may be 
identified at the bedside by non-electroencephalographers [1]. 
However, when using QEEG alone, seizures may be missed and 
some non-ictal events are misdiagnosed as seizure [45-47]. 
A study including 84 CDSA images reviewed by 8 encephalogra- 
phers showed a sensitivity of 6596 and specificity of 9296 for seizure 
identification, with a 1096 rate of false positives [45]. In a different 
study, 2 electrographers evaluated 27 CDSA and amplitude- 
integrated EEG displays. The median sensitivity for seizure iden- 
tification was 83% using CDSA and 82% with amplitude- 
integrated EEG. However, when analyzing individual recordings 
the sensitivity ranged from 096 to 10096. Use of either technique 
led to a false positive about every 17-20 hours [46]. 

Quantitative EEG techniques are a great improvement 
toward a more rapid identification of many, but not all seizures 
[45, 46]. Similarly, with reliance on QEEG in isolation, false 
positives could be unnecessarily treated. Thus, while QEEG 
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may be used to identify suspected seizures, confirmation with 
raw cEEG is still needed [1, 45, 48]. 


Distinguishing Seizures from Periodic/Rhythmic 
Patterns 


Seizures can be difficult to differentiate from other rhythmic and 
periodic EEG patterns prevalent among critically ill patients. The 
American Clinical Neurophysiology Society (ACNS) has defined 
periodic as “a periodic repetition of a waveform with relatively 
uniform morphology and duration with a quantifiable inter- 
discharge interval between consecutive waveforms and recurrence 
of the waveform at nearly regular intervals." Discharges are 
defined as “waveforms with no more than 3 phases (i.e. crosses 
the baseline no more than twice) or any waveform lasting 0.5 
seconds or less, regardless of number of phases" [49]. Periodic 
discharges frequently occur in critically ill neurological patients, 
and they have been classified into different types, such as later- 
alized periodic discharges (LPDs), bilateral independent periodic 
discharges (BIPDs), or generalized periodic discharges (GPDs) 
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The Ictal-Interictal-Injury Continuum 


GCSE 


NCSE 


Potential for 2" Neuronal Injury 


PLEDs propel 


Interictal 


Figure 10.2 The ictal-interictal-injury continuum. 

This figure represents different clinical electrographic diagnoses on the ictal- 
interictal continuum (x-axis). The y-axis represents the potential for secondary 
neuronal injury, and based on this, the likely importance of aggressive 
reatment. It is important to consider that if any of these patterns were to have 
clinical correlate, they would be considered ictal. However, presence of a clinical 
correlate would not necessarily confer higher chances of neuronal injury. Also, 
he terminology proposed by the 2012 ACNS guideline recommends the use of 
generalized periodic discharges (GPDs) instead of GPEDs, lateralized periodic 
discharges (LPDs) instead of PLEDs, continuous 2 per second GPDs with 
riphasic morphology instead of TW [49]. 
EPC, epilepsia partialis continua; GCSE, generalized convulsive status 
epilepticus; GPEDs, generalized periodic epileptiform discharges; NCS, 
nonconvulsive seizures; NCSE, nonconvulsive status epilepticus; PLEDs, periodic 
ateralized epileptiform discharges; S-B, suppression-burst; SIRPIDs, stimulus- 
induced rhythmic, periodic, or ictal discharges; TW, triphasic waves. 
Reproduced from Which EEG patterns warrant treatment in the critically ill? 
reviewing the evidence for treatment of periodic epileptiform discharges and 
related patterns, Chong, D. J. and L. J. Hirsch, J Clin Neurophysiol. 2005;22(2): pp. 79- 
91, Copyright 2016, with permission from Wolters Kluwer Health, Inc. [50]. 


[49, 50]. Most of these have uncertain clinical significance on their 
own, but they are associated with an increased risk for seizures 
[49, 50]. 


The Ictal-Interictal Continuum 


Periodic discharges have been interpreted as ictal, interictal, and 
postictal [51-58], or as predictors of electrographic seizures [26]. 
The lack of a clear distinction between seizures and other rhyth- 
mic and periodic EEG patterns has led to the concept of “ictal- 
interictal continuum,” representing the uncertainty in distin- 
guishing the potential ictal nature of these patterns and their 
associated clinical consequences [59] (Figure 10.2). There is cur- 
rently no consensus for how these patterns should be treated due 
to our lack of understanding of their potential to cause neuronal 
injury [60]. 


Treatment of Status Epilepticus 


As in any other emergency, the first step in the treatment of 
status epilepticus is stabilization: secure the airway and ensure 
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breathing and circulation. Current protocols recommend 
a rapid stepwise progression of treatment [43, 61-63]. As illu- 
strated in Figure 10.3, the first-line treatments are benzodiaze- 
pines (BZDs), which should be administered within the first 5 to 
10 minutes [43, 61, 63] of seizure onset, and by 20 minutes as 
suggested by the American Epilepsy Society (AES) guideline 
[62]. If the seizure persists, the first dose can be repeated. 
The second-line treatment is a non-BZD anti-seizure medicine 
(ASM) that should be started after 10 minutes [43, 61] and by 
20 minutes [62]. If two non-BZD ASM doses do not control the 
status epilepticus, or if the duration is longer than 40 minutes 
[62] or 30-70 minutes [43, 61], the initiation of anesthetic drugs 
via continuous infusions is recommended [43, 61, 62]. These 
protocols are based on limited available data, and there is no 
clear evidence to guide third-line therapy [62]. 


Benzodiazepines 


Benzodiazepines (BZDs) are relatively safe, rapid-acting, 
widely available, and effective drugs that have multiple routes 
of administration. The most commonly used initial therapy is 
intravenous lorazepam [7], which in a study of 182 children 
with status epilepticus had 3.7 (95% CI: 1.7-7.9) times greater 
likelihood of seizure cessation than rectal diazepam [64]. BZDs 
should be administered in the pre-hospital setting by care- 
givers or emergency medical services providers. A double- 
blind trial with 205 adults showed that patients who received 
pre-hospital treatment with lorazepam or diazepam had fewer 
respiratory or circulatory complications than patients treated 
with placebo [65]. Also, a meta-analysis demonstrated that 
intravenous lorazepam was at least as effective as intravenous 
diazepam, with fewer adverse effects [66]. 

Current guidelines recommend the use of intramuscular mid- 
azolam, intravenous lorazepam, or intravenous diazepam as first- 
line treatment of status epilepticus (level A, four class 
I randomized controlled trials [RCTs]) [62]. In the pre-hospital 
setting, alternative initial therapies are rectal diazepam, intranasal 
midazolam, and buccal midazolam (level B) [62]. In neonates, the 
most commonly used first-line medication is phenobarbital. 
Appropriate dosing of the BZD is important, as under-dosing in 
the emergency room is common among patients who fail to 
respond to BZD [67] and has been associated with ICU admission 
[68]. BZD should be administered as a single full dose, and 
intravenous lorazepam and diazepam can be repeated at full 
doses once (level A, two class I, one class II RCTs) [62] 
(Table 10.1). The most common adverse effect of BZDs is respira- 
tory depression (level A) [62]; there is no substantial difference in 
this between BZD types (level B) [62]. Other adverse effects are 
sedation, cardiac dysrhythmia, and ataxia [7] (Table 10.1). 


Non-benzodiazepine ASMs 


If status epilepticus continues, the second-line treatment 
should be started 20 minutes from seizure onset [43, 61-63]. 
There are several non-benzodiazepine ASMs available, such as 
fosphenytoin (level U), valproic acid (level B, one class II 
study), levetiracetam (level U), or phenobarbital (level B, one 
class II study) [62]. Recent evidence suggests children with 


Immediate management 
Non-Invasive airway protection and gas exchange with head positioning. 
Intubation if needed. 
Monitoring O, saturation, blood pressure heart rate, temperature. 
Finger stick blood glucose. 
Peripheral IV access. 
Medical and neurological examination. 


Labs: BMP, magnesium, phosphate, CBC, LFT, coagulation tests, ABG, anticonvulsant levels. 


Emergent Initial Therapy ( given immediately) 
IV: Lorazepam 0.1 mg/Kg IV (max 4 mg)-may repeat if seizures persist. 
No IV: 


Diazepam 2-5 years 0.5 mg/kg, 6-11 years 0.3 mg/kg, 212 years 0.2 g/kg (max 20 mg) 


Midazolam M if 13-40 kg then 5 mg. If 240 kg then 10 mg. 
Intranasal 0.2 mg/kg. 
Buccal 0.5 mg/kg. 


Management of Status Epilepticus and Recurrent Seizures 


Figure 10.3 Example of a pediatric status 
epilepticus evaluation and management pathway. 
ABG, arterial blood gas; BMP, basic metabolic panel; 
CBC, complete blood count; CT, computerized 
omography; EEG, electroencephalography; IM, 
intramuscular; IV, intravenous; LFT, liver function 
ests; LP, lumbar puncture; PE, phenytoin 
equivalents. 

Reproduced from Abend, N. S. and 

T. Loddenkemper, Pediatric status epilepticus 
management, Curr Opin Pediatr. 2014;26(6): pp. 668- 
74, Copyright 2016, with permission from Wolters 
luwer Health, Inc. [63] 


Consider whether out-of-hospital benzodiazepines have been administered when considering how many doses to 


administer. 


Urgent management 


Additional diagnostic testing as Indicated: LP, CT, MRI, toxicology labs, Inborn errors of metabolism. 
Consider EEG monitoring (evaluate for psychogenic status epilepticus or persisting EEG-only seizures). 


Neurological consultation. 


Urgent control therapy 


Phenytoin 20 mg/kg IV (may give another 10 mg/kg if needed)-may cause arrhythmia, hypotension, purple glove 


syndrome. 

OR Fosphenytoin 20 PE/kg IV (may be given another 10 PE/kg if needed). 
OR consider phenobarbital, valproate sodium, or levetiracetam. 

If «2 years, consider pyridoxine 100mg IV. 


Refractory status epilepticus 


If seizure continue after benzodiazepines and a second anti-seizure medication, the patient is in refractory status epilepticus 


regardless of elapsed time. 


Continue management as make plans for ICU admission/transfer. Expect need for continuous EEG monitoring once clinically 
evident seizures terminate to evaluate for persisting EEG-only seizures. 


Administer another urgent control anticonvulsant or proceed to pharmacological coma. 
Levetiracetam 20-60 mg/kg IV 


Valproate Sodium 20-40 mg/kg IV—contraindicated if liver disease, thrombocytopenia, or possible metabolic disease. 


Phenobarbital 20-40 mg/kg IV-may cause respiratory depression and hypotension. 


Pharmacological coma medications 


Midazolam 0.2 mg/kg bolus (max 10 mg) and then initiate infusion at 0.1 mg/kg/hr. Titrate up as needed. 


Pentobarbital 5 mg/kg bolus and then initiate infusion at 0.5 mg/kg/hour. Titrate up as needed. 


Other options: Isoflurane 


Pharmacological coma management 
Titrate to either seizure suppression or burst suppression based on EEG monitoring. 
Continue pharmacological coma for 24—48 hours. 


Modify anti-seizure medications so additional seizure coverage is in place for influsion wean. 


Continue diagnostic testing and Implementation of etiology-directed therapy. 


Add-on options 


Medications: phenytoin, phenobarbital, levetiracetam, valproate sodium, topiramate, lacosamide, ketamine, pyridoxine, 
Other: epilepsy surgery, ketogenic diet, vagus nerve stimulator, Immunomodulation, hypothermia, electroconvulsive therapy. 


status epilepticus refractory to benzodiazepines respond simi- 
larly to these medications; there are no data to support one as 
superior to the others [69-71]. 

An RCT (dass IT) of 100 children and adults with seizures that 
were refractory to BZD therapy compared IV valproic acid with 
IV phenytoin and found no difference between both in their 
efficacy (8896 vs 8496) or adverse events [72]. Another RCT with 
60 children compared valproate and phenobarbital, and found no 
difference in efficacy (valproate 9096 vs phenobarbital 7796, 
p=0.19), but the patients in the valproate group had fewer adverse 
effects than those who received phenobarbital (2496 vs 7496, 
p«0.001) [73]. A retrospective study included 167 adults with 
status epilepticus who were treated with phenytoin, valproate, 
and levetiracetam after BZD [74]. Valproate failed to control the 
status epilepticus in 25.4%, phenytoin in 41%, and levetiracetam 
in 48% of cases [74]. After adjusting for status epilepticus severity, 
levetiracetam failed more often than valproate (OR 2.69), but 
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there was no difference in the efficacy of phenytoin compared 
to valproate and levetiracetam [74]. A different RCT randomized 
68 patients with status epilepticus to receive valproate or pheny- 
toin. Valproate aborted 66% of the seizures vs 42% in the pheny- 
toin group (one-sided p=0.046) [75]. When the drug was used as 
a second choice in the refractory patients, valproate aborted 79% 
of the seizures while phenytoin 25% [75]. Also, there were differ- 
ence on the adverse effect rate (one-sided p=0.004) [75]. 

Currently, the most common drug used as second-line 
treatment is fosphenytoin (or phenytoin), and the second 
option is usually phenobarbital [7, 43, 61]. However, these 
choices are mostly based on tradition, and current data show 
these drugs are not superior to newer ASMs, such as valproate 
and levetiracetam. The current AES guideline recommends the 
use of fosphenytoin, valproic acid, or levetiracetam as 
a second-line treatment [62]. Doses and common adverse 
effects are summarized in Table 10.1. 
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Time to Treatment 


Current status epilepticus treatment protocols recommend 
a timely and stepwise progression of the treatment of SE 
[43, 61, 62]. The rationale for this is that the longer the seizure, 
the worse the response to the treatment. BZDs act through 
binding and activation of the gamma-aminobutyric acid 
A receptor (GABA,R), and this receptor internalizes during 
prolonged seizures, which leads to a loss of GABA-mediated 
inhibition [76, 77]. There is also an increase in the number of 
postsynaptic N-methyl-p-aspartate (NMDA) receptors, lead- 
ing to an increase in excitation [78]. Animal models and 
clinical studies have demonstrated progressive refractoriness 
to BZD with treatment delay [79-81]. Delayed treatment is 
associated with prolonged seizures [31, 64, 81], and longer 
seizures have been associated with worse outcome [82, 83]. 

A prospective study of 81 patients demonstrated that longer 
time to the first three doses of BZD was correlated with longer 
status epilepticus duration [31]. Treatment delays were associated 
with intermittent refractory status epilepticus and out-of-hospital 
refractory status epilepticus [84]. A study of 240 episodes of 
convulsive status epilepticus in children showed that for 
every minute of delay in arrival to hospital patients had a 5% 
increased risk of prolonged status epilepticus (>60 minutes) [64]. 
In a series of 154 adult patients, a treatment before 30 minutes 
from seizure onset was associated with 80% of response to the 
first-line medication, while the response was less than 40% when 
they were treated after 2 hours [85]. A different study with 157 
children with status epilepticus also showed a delayed response 
when patients were treated after 30 minutes [81]. 

The main outcome predictors for status epilepticus are age, 
etiology, and status epilepticus duration [30, 35, 83, 86]. The 
only factor that can be modified is the status epilepticus dura- 
tion by using a faster treatment [31]. However, the treatment of 
status epilepticus is commonly delayed both in the pre-hospital 
and in-hospital setting [31]. In contrast with the time line 
recommended by guidelines and summarized in Figure 10.3, 
a multicenter study showed that the median (p25-p75) time to 
the first BZD was 28 (6-67) minutes and 69 (40-120) minutes 
to the first non-BZD ASM [31]. Treatment for status epilepti- 
cus should be initiated as quickly as possible. 


Refractory Status Epilepticus 


Status epilepticus is defined as refractory when it does not 
respond to the administration of two antiepileptic drugs with 
different mechanisms of action, i.e., one benzodiazepine and 
on non-BZD ASMs, independent of seizure duration [7, 43, 
87, 88]. Status epilepticus is often refractory; in a series of 68 
children with status epilepticus, 55.9% had refractory status 
epilepticus [89]; a different study with 154 children showed 
that 39% had refractory status epilepticus [90]. 


Continuous Infusions 

After administering BZD and non-BZD ASM, the third-line 
treatment is continuous infusions of ASMs or anesthetic thera- 
pies [7, 43, 62]. The most common drugs used for continuous 
infusions are midazolam and pentobarbital, though largely on 
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convention rather than a strong evidence base [62]. Similarly, 
there is little evidence to direct precisely when to start 
a continuous infusion [43]. Some guidelines recommend to 
start continuous infusion relatively early [43, 62]; for example, 
the AES guideline recommends to start continuous infusion if 
seizure persists 40 minutes from seizure onset [62]. 

Many patients with status epilepticus may be require treat- 
ment with a third-line medication. A multicenter study with 
542 children with status epilepticus found that 33% of patients 
had ongoing seizures after 40 minutes in the emergency 
department [91]. Status epilepticus terminated after first-line 
treatment in 42% of the children, after second-line treatment 
in 35%, and after continuous infusions in 22% [91]. In another 
study in children with status epilepticus, out of 240 episodes, 
44 (18%) required anesthesia to terminate the seizures. 

The most commonly used third-line medications are thio- 
pental, midazolam, pentobarbital, or propofol [62]. All require 
cEEG monitoring. Table 10.1 shows the doses, suggested infu- 
sion rates, and main adverse effects of the most commonly 
used drugs (mostly respiratory depression and hypotension), 
as well as the treatment for breakthrough status epilepticus or 
recurrent seizures during infusion. The third-line treatment 
should always be started with close cardiopulmonary monitor- 
ing and with preparations for the possibility of intubation, 
mechanical ventilation, and blood pressure management. In 
addition to these potential adverse effects, some drug-specific 
effects have been described. Midazolam infusion in neonates 
resulting in myoclonus has been observed at higher doses [92]. 
Propofol has been used more frequently in the adult popula- 
tion, but the risk for propofol infusion syndrome in children is 
high and therefore not recommended in the pediatric ICU by 
some institutions [61]. 


cEEG Monitoring to Evaluate Burst Suppression 
and Depth of Anesthesia 


Some treatment guidelines recommend titrating continuous 
infusions not only to seizure suppression but also to burst 
suppression on the EEG for 12-48 hours [7, 43, 93] 
(Figure 10.4). The aim for inducing burst suppression is to 
aid in preventing seizure recurrence once weaning the contin- 
uous infusions [7]. An RCT sought to compare drugs, but 
only recruited 24 out of the 150 patients needed, showing no 
difference between drugs in achieving burst suppression [88]. 
A retrospective study included 35 episodes of status epilepticus 
in adults treated with phenobarbital. Patients with a more 
intensive suppression of the EEG had fewer relapses 
(p=0.049), and there was a trend toward lower mortality as 
compared to a less intensive suppression (p=0.076) [94]. 
A review of 28 studies with 169 refractory status epilepticus 
cases treated with pentobarbital, midazolam, or propofol 
showed that burst suppression was associated with lower fre- 
quency of breakthrough seizures (4% vs 56%) but a higher 
frequency of hypotension (76% vs 29%) [95]. A different 
study with 22 adults with refractory status epilepticus who 
received continuous infusions showed that burst suppression 
was associated with good seizure control (83.3% in burst 
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Example of burst suppression with bursts of generalized and multifocal spikes separated by periods of voltage attenuation. 


suppression versus 62.5%), but not with outcome or prolonged 
hospital stay [96]. However, a retrospective study with 63 
refractory status epilepticus episodes showed that patients 
had a better functional outcome when the treatment aimed 
seizure control (16 episodes) and not burst suppression (27 
episodes) (p=0.01) [97]. 

Continuous EEG monitoring assists in medication titration 
and infusion rate adjustment required to achieve and maintain 
EEG background suppression while minimizing adverse effects 
[98]. Continuous EEG should also be used during the with- 
drawal of continuous infusions. The main adverse effects of 
continuous infusions, apart from respiratory depression, are 
hypotension, renal failure, cardiac depression, and hepatic 
dysfunction [7, 43]; these can be limited by using the lowest 
dose of continuous infusions needed to achieve burst suppres- 
sion [98]. Infrequent and relatively short electrographic-only 
seizures may require a less aggressive approach in some situa- 
tions where seizure suppression may compromise cardiovas- 
cular stability or the overall patient situation. 


Other Therapies and Emerging Treatments 


If the status epilepticus continues after using continuous 
infusion, it is considered super refractory status epilepticus. 
The most commonly used definition is “status epilepticus that 
continues for 24 hours or more after the onset of anesthesia, 
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Illustrative Cases 
Case 20 Cerebral Sinovenous Thrombosis 


Case 21 Mitochondrial Encephalomyopathy, Lactic Acidosis, 
and Stroke-Like Episodes (MELAS) 


Case 22 Parenchymal Hemorrhage with Subarachnoid 
Hemorrhage 


Case 23 Non-Accidental Injury 
Case 24 Bacterial Meningitis 

Case 25 Traumatic Brain Injury 
Case 26 Acute Pediatric Stroke 
Case 27 Autoimmune Encephalitis 


Case 28 Febrile Infection—Related Epilepsy Syndrome 
(FIRES) 


Case 29 Baclofen Intoxication 
Case 30 Intraventricular Tumor 


Case 31 Multimodality Monitoring of Acute Stroke 


Key Points 

e Seizures are common among encephalopathic critically ill 
children. 

* Continuous EEG monitoring is required to diagnose seizures 
in this vulnerable population, as most seizures lack any 
definitive clinical signs. 

* The etiology for seizures in this at-risk population is 
extremely heterogeneous and does not require the presence 
of an acute brain injury. 

e Certain clinical and EEG characteristics can help predict the 
risk for seizures and the duration of EEG monitoring. 


Introduction 


Neurological injury is extremely common among children 
admitted to the pediatric intensive care unit (PICU) [1]. 
These children have longer lengths of stay and higher mortality 
rates compared to their non-neurologically affected critically 
ill peers, with seizures and status epilepticus occupying the 
most common neurological diagnoses [1]. Observational stu- 
dies of children undergoing continuous EEG (cEEG) monitor- 
ing in the PICU have identified electrographic seizures in 7%- 
46% [2-10], and status epilepticus in 196-2396 [2-7]. 
Importantly, the vast majority (27096) of these EEG- 
confirmed seizures are subclinical, lacking any clear clinical 
signs [11], thus necessitating the use of cEEG to detect and 
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treat them. Further, EEG-confirmed status epilepticus can be 
entirely subclinical; hence, without cEEG monitoring, some 
children with status epilepticus can be completely missed [11]. 

The importance of recognizing and treating seizures in this 
vulnerable pediatric population is supported by a growing 
body of evidence suggesting that seizures, both clinical and 
subclinical, negatively impact short- and long-term clinical 
outcomes [6, 12-16]. Indeed, an increasing seizure burden is 
independently associated with worsened neurological decline, 
including patients with MRI-negative brain injury [6]. While 
aggressive management of seizures in the PICU has not yet 
been shown to improve outcomes, the available data strongly 
suggest that seizures, and an increasing seizure burden, are 
harmful to the developing brain. Hence, titrating anti-seizure 
medications to achieve control of EEG-confirmed seizures may 
modulate or attenuate the secondary, independent brain injury 
associated with an increased electrographic seizure burden. 

Continuous EEG monitoring offers the only noninvasive 
means to detect subclinical seizures and to confirm whether 
paroxysmal events suspicious for seizures (autonomic, motor, 
etc.), do in fact represent clinical seizure activity. As clinically 
based prediction of seizures is difficult and unreliable [17-19], 
cEEG monitoring is required to ascertain whether clinical 
paroxysms of concern truly represent seizure activity. This 
information can help to avoid unnecessary administration of 
anti-seizure medications and their potentially harmful seque- 
lae [20]. Further, administration of short-acting paralytics 
during cEEG monitoring can help to confirm true cortical 
seizures (i.e., cortical myoclonus vs. non-cortical hiccups). 

While critically ill children with encephalopathy and acute 
brain injury are at highest risk for seizures, seizures can occur 
even in the absence of MRI-confirmed brain injury [5, 6]. This 
chapter will discuss the evidence to support screening for 
seizures in specific disease states encountered in the PICU 
population where clinical and subclinical seizures are com- 
mon. We will begin by outlining the key clinical and EEG risk 
factors for the development of seizures shared by children 
admitted to the PICU across all etiologies. We will then discuss 
the etiology-specific risk factors. Finally, considerations related 
to the timing and duration of cEEG monitoring will be 
discussed. 


Risk Factors for Seizures in Critically 
Ill Children 


Across several large observational studies of pediatric patients 
admitted to the PICU who underwent cEEG monitoring, 
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CLINICAL Risk Factors 


Acute Brain Injury 


Clinical Seizures or Status Epilepticus 


History of Epilepsy 


— 


Younger Age (< 2-3 years) 


e 


Encephalopathy & Coma 


— TEN" 


certain clinical and electrographic risk factors are consistently 
associated with the development of clinical and subclinical 
seizures (Figure 11.1). 


Encephalopathy and Coma 


An extremely important risk factor for seizure occurrence 
among all PICU patients is the presence of encephalopathy, 
or an altered mental state. This encephalopathy can be second- 
ary to an underlying brain injury, ongoing subclinical or dys- 
cognitive seizure activity, or iatrogenically induced by sedative 
and paralytic medications. Encephalopathic patients are parti- 
cularly vulnerable to subclinical seizures or seizures with subtle 
clinical correlate, as their encephalopathy masks clear clinical 
expression of their seizures. Indeed, most observational studies 
assessing the frequency of seizures in PICU patients are per- 
formed on patients with some degree of explained or unex- 
plained encephalopathy [2, 3, 5, 6]. When sedative or paralytic 
medications are used, the accuracy of one's clinical exam 
becomes limited. In these instances, the presence of additional 
clinical risk factors can direct the need to initiate CEEG mon- 
itoring, while the initial few hours of EEG background activity 
(discussed below) can help to direct cEEG monitoring 
duration. 


Acute Brain Injury 


The presence of an acute brain injury is not only the single 
most important prognostic factor in determining neurological 
outcomes among critically ill children, but is also the most 
important risk factor for the development of clinical and sub- 
clinical seizures [6]. While not all acute brain injuries (i.e. 
infection, trauma, stroke) carry the same degree of seizure 
risk, the presence (or suspicion) of an acute brain injury in 
a critically ill child, particularly one with concomitant 
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EEG Risk Factors 


Figure 11.1 Clinical and EEG risk factors 
associated with the development of 
electrographic clinical and subclinical seizures 
among pediatric patients admitted to the ICU. This 
figure is based on information from large 
retrospective and prospective observational 
studies of critically ill children undergoing cEEG 
monitoring [2-7, 9, 10, 23]. 


Periodic Discharges 


Interictal Epileptiform Discharges 


Abnormal Background Activity 
Discontinuous 
Burst Suppression 
Attenuated/Featureless 


encephalopathy, is highly associated with electrographic sei- 
zures. Etiology-specific electrographic seizure risks are 
described in more detail below. 


Clinical Seizures and Status Epilepticus 


Not surprisingly, the presence or suspicion of clinical seizures 
and/or convulsive status epilepticus increases the risk for 
developing subsequent clinical and subclinical seizures. 
Retrospective studies have observed electrographic seizures in 
as many as 7096-7996 of those who experienced clinical seizures 
prior to cEEG monitoring [2, 4]. Similarly, nonconvulsive 
status epilepticus was preceded by an early clinical seizure in 
9296 of patients [21]. Clinical seizures need not reach the 
severity of status epilepticus, as single convulsions are an 
independent risk factor for the development of subclinical 
seizures [2, 3, 9]. 


Younger Age 


Younger children, especially children less than 2-3 years 
old, are at increased risk for developing seizures in the ICU 
[3-6, 10]. This is especially important given evidence that the 
young brain is particularly vulnerable to injury [22]. While 
pediatric patients are generally felt to be at a higher risk for 
subclinical seizures than adults, data suggest that there is an 
even greater risk of seizures with decreasing age within 
the pediatric population. Specifically, with each year of increas- 
ing age there was a 7% decrease in the odds for seizure occur- 
rence [3]. Indeed, this trend continues into the neonatal 
period, a demographic highly prone to (subclinical) seizures 
(detailed in Chapter 8). This association between younger age 
and increased seizure frequency is particularly true for some of 
the specific acute brain injury etiologies (i.e., trauma, stroke) as 
discussed later in this chapter. 


Electrographic Risk Factors 


Once cEEG monitoring is initiated, several electrographic risk 
factors, when present, are consistently associated with a higher 
likelihood of seizure development [11]. These include: (1) the 
presence of interictal epileptiform discharges; (2) the presence 
of periodic discharges (both lateralized and generalized); and 
(3) an abnormal background activity - particularly discontin- 
uous, burst suppressed and attenuated/featureless backgrounds. 

Focal interictal discharges and lateralized periodic discharges 
suggest an increased propensity toward focal seizures arising 
from the area(s) where these discharges are observed on EEG. 
Among children, periodic discharges likely carry a higher risk 
for seizure occurrence compared to non-periodic interictal epi- 
leptiform discharges [23]. Among adult patients undergoing 
cEEG monitoring, a continuous background with generalized 
slowing and the absence of interictal and periodic discharges 
during the first few hours of CEEG monitoring is quite predictive 
that the patient will not develop seizures [24, 25]. This is likely 
true of pediatric patients as well, but has not been studied as 
such. These EEG risk factors are therefore quite helpful in 
determining the appropriate duration of cEEG monitoring, 
which can be particularly useful when EEG resources are limited. 


Etiology-Specific Risk Factors for Seizures 


The following sections describe the risk for electrographic sei- 
zures among critically ill children categorized by primary etiol- 
ogy (Figure 11.2). Among the observational studies assessing 
seizures in children admitted to the ICU who underwent cEEG 
monitoring, the etiologies were quite heterogeneous, and spe- 
cific details are often not available [2-7, 9, 10, 23]. Most of these 
studies were retrospective and classified each patient's etiology 
after the fact, with the primary etiologies frequently categorized 
differently among studies. Further, whether or not the cEEG- 
confirmed seizures had clinical correlate (subclinical vs clinical) 
for a specific etiology category was largely unreported. Thus, 
consolidating the available literature for etiology-specific elec- 
trographic seizure risk is challenging and subject to limitations. 
Consider also that one acute neurological diagnosis does not 
preclude the existence of others (i.e., an encephalopathic child 
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with acute bacterial meningitis, encephalopathy, clinical status 
epilepticus, who subsequently develops multifocal ischemic 
strokes) - many studies specified only a single primary etiology. 


Acute Convulsive Status Epilepticus and/or 
Pre-Existing Epilepsy 

Convulsive status epilepticus during the acute phase of illness 
is a common indication for cEEG monitoring in the PICU 
setting [26]. This is for good reason, given that even when 
treated appropriately, the clinical correlate to a patient's sei- 
zures frequently becomes subtle or entirely absent, 
a phenomenon termed uncoupling. Cohorts of adults and 
children with convulsive status epilepticus placed on cEEG 
monitoring after "resolution" of convulsive status epilepticus 
have very high rates of subsequent subclinical seizures, includ- 
ing many with continued nonconvulsive status epilepticus 
[27, 28]. In a series of 98 children with convulsive status 
epilepticus, 32 children developed electrographic seizures, 
including 11 patients with subclinical-only seizures [28]. It is 
worth re-iterating that status epilepticus can be entirely sub- 
clinical and missed without cEEG monitoring [6, 28]. 

Patients with a history of epilepsy are also at a higher risk 
for developing electrographic seizures during their PICU admis- 
sion, many of whom present with increased seizure frequency 
[2, 5, 6, 9]. In one series, patients with an “acute presentation of 
epilepsy" were found to be the highest risk group, with 5096 of 
patients developing subclinical seizures [9]. Similarly, in the largest 
cohort of PICU patients monitored with cEEG, 4896 of patients 
with a diagnosis of epilepsy had electrographic seizures [5]. 

As such, serious consideration for cEEG monitoring should 
be given to any patient who presents to a PICU with convulsive 
status epilepticus or an exacerbation of their pre-existing epilepsy, 
even if there is apparent resolution of clinical seizure activity. 
Cessation of clinical seizures and convulsive status epilepticus 
should not be considered definitive seizure resolution. A slow 
return to cognitive baseline or the presence of concomitant risk 
factors (i.e., presence of an acute brain injury) further supports 
the need for cEEG monitoring in this population to rule out 
subclinical seizures including nonconvulsive status epilepticus. 


14-71% 30-70% 25-70% 


Figure 11.2 Prevalence of electrographic seizures among critically 
ill children undergoing cEEG monitoring stratified by primary etiology. 


Data were consolidated from multiple pediatric cohort studies as 
follows: (1) Overall [2-7, 9, 10, 23]; (2) Acute Stroke [3-6, 41]; (3) CNS 


19-50% 


Infection/Inflammation [2-6, 10]; (4) TBI [2-6, 10, 29, 30]; (5) Acute 
Seizures [2-6, 10]; (6) CNS Tumor/Neurosurgical [2, 3, 5, 6, 10]. 
Acute stroke, acute ischemic stroke, intracerebral hemorrhage, and 


cerebral sinus venous thrombosis; CNS, central nervous system; TBI, 
traumatic brain injury; acute seizures, new onset seizures or seizure 
exacerbation among patients with pre-existing epilepsy. 
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o 
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Traumatic Brain Injury 


Traumatic brain injury (TBI) is a very important risk factor for 
the development of electrographic seizures among critically ill 
children - many of whom present with persistent encephalo- 
pathy [5, 29-33]. Among large observational cohort studies of 
critically ill children admitted to the ICU who underwent 
cEEG monitoring, 25%-70% of patients with TBI had electro- 
graphic seizures which were frequently subclinical [2-6, 10]. 

Retrospective and prospective clinical studies focused on 
critically ill children with TBI have shown that early post- 
traumatic seizures (seizures within 7 days of injury) are 
a common acute complication, occurring in up to 44% of 
children monitored with cEEG [29, 30, 34, 35]. Subclinical 
seizures were very common among these patients, with 9396 
of patients with cEEG-confirmed seizures experiencing at least 
one subclinical seizure [30], and 1696-1896 experiencing non- 
convulsive status epilepticus [29, 30]. 

Among children with TBI who underwent cEEG monitoring, 
the risk of seizures was further increased in those who suffered 
from abusive head trauma [29, 30, 34-36], with subclinical-only 
seizures and nonconvulsive status epilepticus even more com- 
monly observed. Further, younger age (generally «1-2 years) is 
repeatedly shown to be an independent risk factor for the devel- 
opment of early post-traumatic (subclinical) seizures [29, 30, 32, 
34-36]. Perhaps not coincidentally, these younger patients are 
most likely to have also suffered an abusive head trauma. Other 
clinical characteristics that further increase the risk of cEEG- 
confirmed seizures among children following TBI include those 
with severe injury [32, 34, 35], as well as the presence of ischemia 
[36], and subdural or intra-axial hemorrhages [29, 35]. 

Critically ill children suffering from TBI may be particu- 
larly vulnerable to seizure-induced brain injury, as adult evi- 
dence suggests electrographic seizures are associated with 
increases in intracranial pressure and may cause increasing 
cerebral metabolic stress [37]. 

Given the particularly high incidence of seizures (often 
subclinical) in these children, many pediatric centers have 
adopted protocols which include cEEG monitoring and pro- 
phylactic treatment with anti-seizure medications [38]. 


Acute Stroke 


Seizures are a common initial presenting sign of stroke in 
children, particularly among those admitted to a PICU 
[39-42]. This includes children with acute ischemic stroke, cere- 
bral sinus venous thrombosis, and intracerebral hemorrhage. 
Clinical studies specifically assessing the frequency of seizures 
within the acute setting of pediatric stroke have demonstrated 
that 2296-4996 of patients seize in the early post-stroke period (up 
to 2 weeks following injury), with a large majority of seizures 
occurring within the first 24 hours [43, 44]. Most commonly, 
these seizures affect younger children [39, 40, 45]. 

Among critically ill children with acute stroke (all subtypes) 
who underwent cEEG monitoring, 1496-7196 of patients had 
electrographic seizures including some with nonconvulsive sta- 
tus epilepticus [3-6, 39-41]. Most of these patients experienced 
at least some subclinical seizures. 
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Central Nervous System Infections 


Central nervous system infections have the potential to 
directly cause cortical irritability sufficient to provoke sei- 
zures or can indirectly produce seizures through secondary 
injury (ie., acute stroke). In one cohort, seizures occurred 
in 55 of 116 children with bacterial meningitis (4796) [46]. 
While the data are limited, electrographic seizures were 
observed in 2896-7096 of PICU patients with concomitant 
CNS infections who underwent cEEG monitoring [2-5]. 
Among pediatric patients with encephalitis, subclinical sei- 
zures and nonconvulsive status epilepticus are common 
[47-49]. 


Neurological Autoimmune Disease 


Autoimmune encephalitis is being increasingly recognized as 
an important cause of encephalopathy and seizures in the 
PICU setting. Among the large observational studies of criti- 
cally ill children undergoing cEEG monitoring, only one study 
subcategorized patients as “CNS inflammation or autoimmune 
disease" and included 24 patients, 8 (3396) of whom had elec- 
trographic seizures [5]. Patients with CNS vasculitis are not 
well described in the literature with respect to electrographic 
seizure prevalence, but certainly those patients with additional 
clinical risk factors such as concomitant encephalopathy or 
acute strokes should undergo cEEG monitoring given their 
risk described above. 

Seizures, including status epilepticus, are very commonly 
associated with anti- N-methyl-p-aspartate (NMDA) receptor 
encephalitis in children (5096-7796) [50, 51] and in adults 
(6196) [52], with the majority experiencing some subclinical 
seizures [51, 52]. The presence of an “extreme delta-brush” 
EEG pattern is suggestive of anti- NMDA receptor encephalitis 
and may warrant extended cEEG monitoring; however, 
extreme delta brushes appear to be less common in children 
[52]. 

Although conditions such as acute disseminated ence- 
phalomyelitis (ADEM) and acute hemorrhagic leukoence- 
phalitis (AHLE) are associated with seizures in affected 
children [53-55], data are lacking on their prevalence dur- 
ing cEEG monitoring. Among children with ADEM, sei- 
zures are commonly (35%) the presenting clinical feature 
[53]. In a series of patients with ADEM, 28% had electro- 
graphic seizures, with a trend toward increased seizures 
among those with more severe degrees of encephalopathy 
[54]. 


Brain Tumors and Post-Neurosurgery 


Limited data exist to describe the prevalence of electro- 
graphic seizures among critically ill children with a brain 
tumor or post-neurosurgical intervention. Among the 47 
patients described across several observational studies, 59% 
experienced electrographic seizures [2, 3, 5, 6, 10]. The 
greatest risk for electrographic seizures is likely in the 
acute post-operative period and among those with persis- 
tent unexplained encephalopathy or other concomitant risk 
factors. 


Post-Cardiac Arrest +/— Therapeutic Hypothermia 


Children with congenital heart disease are at risk for develop- 
ing electrographic seizures in the acute post-operative period, 
often following surgeries that include deep hypothermia with 
circulatory arrest [56-59]. Certain congenital heart defects 
may confer a higher risk of electrographic seizures than others 
(i.e., single-ventricle physiology vs cyanotic lesion) [57]. These 
patients are of course at risk for secondary ischemic and 
hemorrhagic brain injuries. Similarly, patients undergoing 
treatment with ECMO, often treated with concomitant seda- 
tive or paralytic medications, are at high risk for electrographic 
seizures [60]. 

Among a small cohort of critically ill children with cardiac 
arrest who underwent therapeutic hypothermia, electrographic 
seizures, including subclinical seizures and status epilepticus, 
were common [61]. Interestingly, the EEG risk factors for 
seizures described above (i.e., burst suppression background 
pattern) were particularly predictive for this cohort of children. 
Importantly, some children in this study began experiencing 
electrographic seizures during the rewarming phase of thera- 
peutic hypothermia, suggesting the need to extend cEEG mon- 
itoring until normothermia is attained [62]. This topic is 
covered in greater detail in Chapter 15. 


Posterior Reversible Encephalopathy Syndrome 


Posterior reversible encephalopathy syndrome (PRES) is 
a vascular mediated disease observed in critically ill children 
which carries an 8796-9690 risk of seizures [63, 64]. As encepha- 
lopathy is generally a required feature to make the diagnosis of 
PRES, these patients are at high risk for clinical and subclinical 
seizures. In the largest single series of pediatric patients with 
PRES, 21 of 27 patients presented with status epilepticus, 11 of 
those with nonconvulsive status epilepticus [64]. 


Sepsis and Other Systemic Illness 


Despite their apparent lack of a direct brain injury, critically ill 
children admitted with a primary systemic illness who undergo 
cEEG monitoring (i.e., sepsis and other systemic infections) 
are also at risk for developing electrographic seizures [5, 6]. 
Many of these patients have no evidence of injury on brain 
MRI. Sepsis in particular is associated with a higher risk for 
electrographic seizures in children [5] and adults [65]. In the 
large observational study of 550 PICU patients monitored with 
cEEG, electrographic seizures were present in 11 of 19 patients 
(58%) with sepsis [5]. Among children with acute liver failure 
and mild to severe hepatic encephalopathy, seizures are com- 
mon and often subclinical [66]. Therefore, the presence of an 
overt acute brain injury is not necessary for critically ill chil- 
dren to experience electrographic seizures. 

Additional systemic illnesses that may pose an increased 
risk of electrographic seizures include: significant electrolyte 
abnormalities or hypoglycemia, inborn errors of metabolism, 
and intoxication syndromes [5, 6, 23]. Intoxication secondary 
to antidepressant medication poses a particular risk for devel- 
oping seizures [67]. No specific literature exists regarding the 
prevalence of subclinical seizures in these conditions. Of 
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course, most, if not all, of these patients will have acute 
encephalopathy. 


Timing and Duration of Continuous 
EEG Monitoring 


Unfortunately, etiology-specific evidence is lacking to inform 
the timing and duration of cEEG monitoring among sub- 
groups of critically ill children. None of the large observational 
studies of critically ill children monitored with cEEG assessed 
the timing of electrographic seizure occurrence by etiology 
[2-10]. As such, recommendations with respect to cEEG mon- 
itoring timing and duration to confirm electrographic seizures 
apply to the high-risk, critically ill pediatric population as 
a whole, with a few etiology-specific considerations already 
discussed above under their respective etiology (Figure 11.3). 

Among critically ill adults, cEEG monitoring consensus 
guidelines exist and suggest that EEG should be applied within 
an hour of onset of status epilepticus and should continue for 
at least 48 hours or until 24 hours after the last seizure, which- 
ever comes later [68]. Large practice variability exists among 
pediatric centers that perform cEEG monitoring [69]. 
However, the observational pediatric CEEG monitoring studies 
indicate that <50% of patients who experience electrographic 
seizures do so within the first hour of CEEG monitoring [2-4, 6, 
7, 9], whereas 8096-8796 have them within the first 24 hours of 
cEEG monitoring [2-4, 6, 7, 9, 10]. As such, 24-48 hours of 
cEEG monitoring is often sufficient to detect seizures among 
high-risk children. 

The use of anti-seizure medication, particularly continuous 
infusions, will of course greatly impact seizure occurrence. 
Continuous EEG monitoring is certainly necessary throughout 
the titration of anti-seizure medications to treat refractory 
status epilepticus. It should likely be continued for 24 hours 
after the last electrographic seizure is captured and the infusion 
has been weaned off. Clearly clinical context remains impor- 
tant. For example, if a patient's mental status improves such 
that the clinical assessment of seizures becomes reliable, CEEG 
monitoring may no longer be necessary. Since the risk for 
electrographic seizures may change over the duration of 
a critically ill child's ICU admission, the need for cEEG mon- 
itoring should also be re-evaluated according to changes in 
clinical status. For example, the appearance of new clinical 
paroxysms suspicious for seizures may necessitate repeat 
cEEG monitoring until the paroxysms of concern are captured 
and properly diagnosed. 

EEG background activity can also help to guide the length 
of cEEG monitoring (Figure 11.1). Adult studies have assessed 
the value of the baseline EEG recording to predict subsequent 
electrographic seizures. A recent study indicated that if 2 hours 
of baseline cEEG monitoring demonstrate a continuous back- 
ground and no epileptiform discharges the probability of 
developing subsequent seizures is only 596 [24]. Similar pre- 
dictive modelling in children is currently lacking. However, 
when EEG risk factors are absent, a critically ill child may not 
require a full 24-48 hours of cEEG monitoring, especially if 
resources are limited. Conversely, cEEG monitoring may need 
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Suspected subclinical seizures 


in an at-risk critically ill child 


(Initial few hours of EEG may help 
to guide cEEG duration) 


Electrographic seizures or 
status epilepticus confirmed — 
titrating medications 


Therapeutic hypothermia — 
query subclinical seizures 


Clinical paroxysms suspicious 
for electrographic seizures 


to be extended in critically ill children when important EEG 
risk factors (i.e., periodic discharges) are present, particularly if 
clinical suspicion remains high. 


Conclusions 


Critically ill pediatric children with a wide variety of diag- 
noses are at risk for developing electrographic seizures. 
These clinical and subclinical seizures are difficult to diag- 
nose on clinical grounds alone, and therefore necessitate 
cEEG monitoring. Status epilepticus can be entirely 


Figure 11.3 Recommended 
timing and duration of cEEG 
monitoring in critically ill children 
for common clinical scenarios. 


e Monitor for 24—48 hours. 
* Shorter if cognition returns to baseline. 
* Longer if high risk per established clinical 


and EEG risk factors. 
* Continue monitoring if assessing for 
Seizure treatment response. 


* Monitor until electrographic seizures 
have ceased for 24 hours and antiseizure 
infusions have been discontinued. 


* Monitor throughout the entire cooling 
phase and until the rewarming phase is 
complete. 

* Continue monitoring if assessing for 
Seizure treatment response. 


* Monitor until there is certainty spells are 
not electrographic seizures. 

* Continue monitoring if assessing for 
Seizure treatment response. 


nonconvulsive. Certain clinical and electrographic risk fac- 
tors are highly associated with the development of electro- 
graphic seizures and may help to guide cEEG monitoring 
timing and duration. A high index of suspicion is required 
to detect and treat electrographic seizures and to avoid 
potentially harmful anti-seizure medications when unne- 
cessary. Ultimately, the hope is that prompt recognition 
and treatment of electrographic seizures may modulate, or 
even attenuate, the independent brain injury associated 
with seizures. 
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Illustrative Cases 
Case 31 Multimodality Monitoring of Acute Stroke 


Case 32 Multimodal Neurological Monitoring: Ventilation 
and Cerebral Perfusion 


Key Points 

* EEG reflects neuronal metabolism and activity; changes in 
cerebral perfusion are quickly followed by changes in the EEG. 

* While EEG is most often used to identify early ischemia in 
adults with subarachnoid hemorrhage, it may also be useful 
in patients with ischemic stroke and moyamoya disease. 

* Quantitative EEG is particularly useful to identify changes in 
the EEG background that may indicate ischemia. 


The use of electrophysiological methods to monitor patients 
for cerebral ischemia is based on the observation that electrical 
brain activity is exquisitely dependent on adequate cerebral 
perfusion. The effect of ischemia on the EEG is dependent on 
the degree, duration, and rate of hypoperfusion, as well as on 
the cerebral metabolic rate, which itself can be influenced by 
sedation and body temperature. Under normal physiological 
conditions, cerebral blood flow is approximately 750 mL per 
minute, equivalent to 1596 to 2096 of cardiac output. This 
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equates to 50 to 54 mL of blood per 100 g of brain tissue per 
minute. In conditions of mild to moderate ischemia (15-35 
mL/100 g per minute), synaptic transmission becomes com- 
promised [1, 2]. As an example, inhibitory neurons are likely to 
be more affected by ischemia, resulting from a decrease in 
excitation from changes in the glutamatergic synapse [2, 3], 
or intrinsic dysfunction [4]. This may explain the increased 
synchronization often observed in patients with severe hypoxic 
damage with generalized period discharges [3, 5]. EEG poten- 
tials are mainly generated by the summation of postsynaptic 
currents of pyramidal cells in the supragranular and infragra- 
nular cortical layers and depends also partially on thalamic 
input to the granular layer (layer IV) [6]. The cortical neurons 
involved in the synaptic networks sustaining the EEG signal 
are exquisitely sensitive to ischemia, such that a decrease in 
cerebral perfusion below a certain threshold is quickly followed 
by changes in neuronal metabolism and activity that are 
reflected at the level of the EEG [7-14] (Table 12.1). 
Simplified EEG montages are widely and successfully used 
for EEG monitoring under ICU conditions, although general 
recommendations regarding the best montage and number of 
electrodes for ischemia monitoring are still lacking [15, 16]. 


Table 12.1 Relationship between cerebral flow and metabolic, neurophysiological, and EEG changes 


CBF (mL x 100 g-1 x min-1) Metabolic changes 


35-50 Decline in protein synthesis 


25-35 Anaerobic metabolism, 
increase in glucose 
consumption and lactate 
concentration 

Energetic failure: decline in 
glucose consumption and in 
ATP and phosphocreatine 
evels 


10-25 a+/K + ATPase failure 
Anoxic depolarization and 
ionic disturbances: increase in 


extracellular potassium 


5-10 Cytotoxic edema 


«5 Irreversible infarction 


Neurophysiological EEG changes 
changes 
Synaptic transmission failure Normal 


Spontaneous 
neurotransmitter release 
(including glutamate) 


Attenuation of fast (alpha and 
beta) activity 


Axonal transmission failure Slowing than progressive 


attenuation of all activities 
(isoelectric) 


Isoelectric 


Isoelectric 


ATP, adenosine triphosphate; Na+/K+ ATPase, sodium/potassium adenosine triphosphate; CBF, cerebral blood flow. 
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The key to the discrimination of EEG changes triggered by 
delayed cerebral ischemia (DCI) from changes due to other 
causes is the recognition of vasospasm as a predominantly focal 
event [17]. Although some selective neuronal loss starts very 
early, EEG changes occur before reversible clinical findings 
and well before macroscopic infarction [9,12]. EEG changes 
occur as early as 10 seconds after the onset of a significant 
decrease in cerebral perfusion [12], in comparison to abnorm- 
alities in diffusion-weighted imaging MRI that appear after at 
least 12 minutes of ischemia [18]. This allows EEG to serve as 
an early indicator of ischemia, before clinical signs may be 
apparent, and potentially before permanent injury occurs. 
Continuous EEG monitoring (cEEG) is increasingly 
used in intensive care units (ICU) to detect nonconvulsive 
seizures and status epilepticus and to monitor their treat- 
ment [19]. cEEG provides continuous, real-time informa- 
tion on brain activity and could thus disclose changes 
suggestive of impeding ischemia before infarction occurs, 
thus creating a window of opportunity for intervention to 
prevent irreversible injury. Visual inspection of every single 
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page of a recording remains the gold standard of EEG 
interpretation. At the same time, it is time-consuming 
and requires the remote or on-site presence of an expert 
neurophysiologist, which precludes its use as a continuous 
real-time solution. Though this method of EEG interpreta- 
tion may be suited for the detection of subtle transient 
abnormalities, it may overlook progressive changes that 
reflect ischemia evolving slowly over more than several 
hours. Visual interpretation can be assisted by quantitative 
EEG analysis (QEEG), as illustrated in Figure 12.1. Various 
methods of QEEG exist and some are currently available in 
commercial software. Of these methods, spectral frequency 
analysis has received the most attention in the field of DCI 
detection. Beyond large vessel ischemia, DCI may also be a 
consequence of other mechanisms such as cortical spread- 
ing depression or microcirculatory dysfunction undetect- 
able by transcranial Doppler (TCD) [20]. Approximately 
20% of DCI after SAH are not detected clinically or are 
identified too late, mostly due to impaired clinical assess- 
ment in high Hunt and Hess scale-grade, comatose 
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Figure 12.1 Slowly evolving global ischemia is best visualized by quantitative EEG. 

Continuous EEG performed in a 7-year-old girl who sustained traumatic brain injury with a depressed skull fracture. While in the ICU, she experienced a sudden 
progressive decline in her level of consciousness. Conventional EEG recording (top) and quantitative EEG tracings (bottom) depicting 15 hours of left and right 
hemispheric average data. Arrows indicates the corresponding times on raw EEG. (A) Sleep spindles visible on raw EEG are represented by as horizontal bands of 
increased power on color density spectral array (CDSA). (B) Over time sleep spindles disappear and background activity becomes increasingly attenuated, 
represented by gradual decrease in power on CDSA and aEEG until there is no discernable electrocerebral activity. (Figure courtesy Cecil Hahn) 
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Figure 12.1 (cont) 


subarachnoid hemorrhage (SAH) patients [20]. Therefore, 
early detection of imminent ischemia to prevent infarction 
remains challenging. 


EEG Features Indicative of Impending 
Ischemia 


The normal awake EEG is characterized by the presence of 
abundant fast activity in the alpha (8-13 Hz) and, to a lesser 
extent, beta (14-25 Hz) range, mostly generated by postsynap- 
tic activity of cortical pyramidal cells. In contrast, slow activity, 
and in particular delta activity, is the hallmark of slow wave 
sleep and pathological conditions, including focal and diffuse 
brain dysfunction. The complex EEG signal consists of over- 
lapping sinusoidal waveforms of different frequencies, which 
can be decomposed into their component parts using Fourier 
transformation in order to quantify the relative power within 
each of the canonical frequency bands (delta, theta, alpha, and 
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beta). The ratio of delta to alpha power has been found to be of 
particular utility in ischemia monitoring. Several studies report 
a strong correlation between cerebral blood flow and the fre- 
quency content of the EEG: lower blood flow rates were asso- 
ciated with higher delta and theta content and lower alpha and 
beta content. For example, one group found a high probability 
for patients to develop DCI when the alpha-delta ratio 
decreased by >10% in six consecutive recordings or by >50% 
in a single recording [22]. Furthermore, Stuart et al. reported 
the alpha-delta ratio to be most predictive for DCI in intra- 
cortical EEG [23]. Vespa studied 32 patients with low grade 
(Hunt-Hess grades I-III) aneurysmal SAH [24]. A six-channel 
montage (F3-T3, F4-T4, T3-P3, T4- PA, P3-O1, and P4-O2) was 
used to display the trend of relative alpha power (calculated 
every 2 minutes) in 8- to 12-hour pages. These trends were 
subjected to semiquantitative visual scoring of the variability of 
relative alpha power (relative alpha variability [RAV]) using a 
four-point scale. Variability was also quantitatively measured. 
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Visual analysis identified a decrease in RAV in 15 of the 19 
patients with vasospasm. Changes in RAV preceded abnorm- 
alities of intracranial artery velocities by at least 2 days in 10 
patients and occurred the same day in five. A possible explana- 
tion for the temporal dissociation of the EEG and TCD find- 
ings may be illustrated by the work of Machado et al.: that work 
applied QEEG to patients with middle cerebral artery (MCA) 
ischemic strokes and found delta power increases to be related 
to the ischemic core while the tissue at risk, penumbra, and 
edema were characterized by alpha and theta alterations [25]. 
In this context, the alpha/delta ratio could be a valuable para- 
meter to estimate the prognosis and predict the patient’s func- 
tional outcome [26] while the alpha power may be the superior 
parameter to prevent infarction by initiating countermeasures. 
Although the diminution of alpha power as a marker of 
DCI has not yet been confirmed by other studies, some evi- 
dence supports alpha power as a sensitive and specific predic- 
tor of DCI in the context of pathophysiological considerations. 
A typical response to diminished perfusion supply is a decrease 
in fast activities (alpha and beta) followed by an increase in 
slow activities in the delta band, depending on the severity and 
duration of ischemia [27, 28]. In severe cases, EEG can become 
isoelectric. Even isoelectric patterns may result from isolated 
synaptic failure and may be reversible. If ischemia is more 
severe and perfusion drops below 10 mL/100 g per minute, 
membrane potentials will change and may evolve toward the 
Donnan potential, typically around 215 to 220 mV. This non- 
zero membrane potential in situations in which all adenosine 
triphosphate (ATP)-dependent processes have come to a halt, 
in particular the sodium-potassium pumps, results from the 
presence of large, intracellular, negatively charged macromo- 
lecules that cannot pass the membrane. This is accompanied by 
an increase in intracellular osmolality, and extracellular water 
will enter the neuron, resulting in cytotoxic edema and cell 
death [29, 30]. In this situation, EEG rhythms will permanently 
disappear [31]. Claassen et al. found a strong correlation 
between a decrease of the alpha-delta power ratio and DCI (a 
sensitivity of 10096 and a specificity of 7696) by analyzing 
artifact-free clips visually preselected by experienced electro- 
encephalographers [22]. Vespa et al. also chose a continuous 
approach and identified the relative alpha (RA) variability as 
the most sensitive (10096) indicator of imminent ischemia [16]. 
Although highly sensitive, RA variability not only corre- 
sponded exclusively to vasospasm or DCI but also dropped 
significantly as a consequence of a variety of other conditions, 
for example, increase of intracranial pressure (ICP) or hernia- 
tion, causing low specificity (5096). In conclusion, this wide- 
spread experience gathered in adults, particularly those with 
SAH, should inform similar work in the pediatric population, 
where many of these techniques still require validation. 


Pitfalls in EEG Interpretation 


Maintenance of high-quality EEG monitoring over several 
days under ICU conditions is difficult and labor intensive 
[32], since artifacts unavoidably contaminate EEG recordings 
in the ICU. The EEG is also sensitive to other disturbances of 
brain activity, such as metabolic disorders, sedation, 
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intoxication, increased intracranial pressure, temperature, or 
ischemia, and can potentially be used as a tool to monitor 
cerebral function and perfusion. There have been ways to 
address these shortcomings by using a reduced but multichan- 
nel montage that could be maintained over days with limited 
effort. This montage was still able to reliably detect focal EEG 
changes. In addition, an efficient automatic artifact rejection 
technique can be implemented, which was evaluated exten- 
sively in previous studies [21]. 

In general, the effects of general anesthesia on skull and 
intracranial electroencephalographic activity are poorly under- 
stood. Several studies of electroencephalography during 
anesthesia have identified distinct “arousal” electroencephalo- 
gram patterns of change in response to a noxious stimulus [33]. 
How anesthetics differ in their ability to modulate noxious 
stimulation-evoked —electroencephalogram activation is 
unclear, although direct depression of the ascending transmis- 
sion of noxious input to the thalamocortical pathways was 
implicated [34, 35]. Anesthetic agents such as nitrous oxide 
and sevoflurane were reported to decrease interictal spikes 
during electrocorticography [36, 37]. Several studies indicate 
that fentanyl may decrease or increase spike frequency during 
intra-operative electrocorticography [38, 39]. Sedation with 
propofol induces higher-frequency background activity, 
which does not appear to interfere with electrocorticography 
results during epilepsy surgery [40]. 


Applications of Ischemia Monitoring 
Acute Ischemic Stroke 


There are two major categories of strokes: ischemic and 
hemorrhagic. Approximately 80% of strokes are ischemic and 
20% hemorrhagic. Within these two major categories are sub- 
categories of possible etiologies that fit under ischemic, includ- 
ing cardioembolism, large vessel thrombosis, and lacunar 
strokes. EEG has been explored for prognostication in acute 
stroke for over 40 years [41]. Serial EEG recordings have been 
studied for their potential utility to predict the course during 
recovery. Several quantitative EEG features have been pro- 
posed, often based on ratios of the power in the alpha, theta, 
or delta band [27]. Others have used the pairwise-derived brain 
symmetry index (pdBSI) and the (delta + theta)/ (alpha + beta) 
ratio (DTABR) as a prognostic index for dependency, disabil- 
ity, or death at 6 months after stroke [26]. The pdBSI is a slight 
modification of the spatial BSI. It does not estimate the nor- 
malized difference between the mean spectral densities of each 
hemisphere, but the normalized difference between the spec- 
tral densities of each bipolar signal from each hemisphere. This 
makes the pdBSI more sensitive for focal EEG asymmetries. 
Continuous quantitative EEG monitoring using the BSI was 
shown to correlate with the clinical neurological condition 
(measured with the National Institute of Health Stroke Scale) 
of patients with hemispheric stroke [5], and was successfully 
used to monitor the effects of intravenous thrombolysis [42]. 
Reliable measurement of EEG activity in the very low-fre- 
quency range, that is, below 0.5 Hz (infraslow activity), includ- 
ing phenomena associated with spreading depressions or 


depolarizations, could also be of clinical relevance. There exists 
unequivocal neurophysiological evidence that spreading 
depressions or depolarizations (SD) occurs in patients with 
acute stroke, and contributes to lesion progression [43]. 
However, measurement of SD through the intact skull is chal- 
lenging and associated with several fundamental difficulties 
[44]. At present, only electrocorticography with subdural or 
intraparenchymal electrodes has reliably recorded spreading 
depolarizations in patients with structural brain damage 
[45, 46, 47]. It has also been shown in microdialysis studies 
that changes in brain metabolism such as an increase in lac- 
tate-pyruvate ratio and decreased brain tissue oxygenation 
preceding imaging are proof of ischemia. EEG could be a 
powerful tool to capture these changes at an early stage [48], 
and warrants further study. 


Secondary Stroke Prevention in Moyamoya Disease 


Moyamoya disease is an arteriopathy of uncertain etiology, 
characterized by progressive stenosis of the intracranial inter- 
nal carotid arteries and their proximal branches [49, 50]. The 
decreased blood supply to the brain resulting from this arterial 
narrowing predisposes patients to ischemic stroke, whereas 
fragile collateral vessels are prone to hemorrhage, especially 
in adults [49, 51, 52]. Although the course of moyamoya dis- 
ease varies in its rate from slow to fulminant, it is invariably 
progressive in the vast majority of patients, and typically 
results in severe stroke burden and death. Although no treat- 
ment is known to reverse the primary disease process, surgical 
revascularization can prevent strokes by improving blood flow 
to the affected brain [53]. The majority of surgical techniques 
use a branch of the unaffected external carotid artery (usually 
the parietal branch of the superficial temporal artery of the 
scalp) as a source of new blood supply to the ischemic hemi- 
sphere. Many variations of this general approach have been 
described. During pial synangiosis, the arachnoid mater is 
widely opened, and the superficial temporal artery is sutured 
to the surface of the brain [53]. In total, 220 consecutive 
patients were included in an EEG monitoring study during 
intracranial procedures for moyamoya, with a median age of 8 
years (range, 0.5-33 years); the vast majority (n=201) were 
younger than 21 years [54]. Electroencephalogram slowing 
was evident in 100 cases (45.5%). Slowing was generalized in 
64% of cases, but was preceded by unilateral changes in 13%. 
The detection of slowing, either unilaterally or bilaterally, was 
independent of the presence of unilateral or bilateral disease. 
Specifically, in the nine patients with persistent slowing, EEG 
changes were associated with suturing the superficial temporal 
artery to the brain surface in seven cases, the opening of the 
arachnoid mater in one case, and with the initial craniotomy in 
one case. Systemic arterial hypertension frequently accompa- 
nied EEG slowing, especially when EEG slowing was more 
pronounced. Whether this hypertension developed immedi- 
ately before or after the EEG slowing is unclear, because these 
instances were not recorded on the same monitor. No signifi- 
cant correlation was evident between intra-operative EEG 
changes and outcomes. EEG monitoring, using a modified 
montage to accommodate the craniotomy incision, was 
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successfully achieved in all cases, demonstrating the technical 
feasibility of this approach (even in the setting of bilateral 
craniotomies). Slowing coincided with specific operative 
manipulations, most commonly while suturing the donor ves- 
sel to the pia, and during closure of the craniotomy. Slowing 
generally occurred bilaterally and was independent of the side 
of intervention. The presence, length, and severity of observed 
EEG slowing was not predictive of perioperative ischemic 
events. Slowing was more common in children younger than 
10 years. The detection of bilateral EEG slowing during uni- 
lateral surgery, and its incidence during specific surgical steps, 
may indicate a pain-related phenomenon. Slowing occurred 
during certain maneuvers that are likely to trigger pain, such as 
suturing the meninges and applying pressure on the brain 
surface when the bone flap is replaced. These data demon- 
strated that the use of intra-operative EEG can be helpful in 
identifying episodes of cerebral ischemia, potentially allowing 
surgeons and anesthesiologists to respond quickly with mea- 
sures to improve cerebral blood flow to prevent infarction [54]. 
However, the relationship between these intra-operative EEG 
findings, the occurrence of perioperative ischemia and out- 
comes require further study. 


Subarachnoid Hemorrhage 


Subarachnoid hemorrhage (SAH), usually resulting from the 
spontaneous hemorrhage of a brain aneurysm, accounts for 
approximately 5% of all strokes [55]. The annual incidence of 
SAH is 10/100,000 worldwide. In patients with severe SAH, in- 
hospital mortality rates range from 34% (in patients with Hunt 
and Hess grade IV, stupor) to 52% (in patients with Hunt and 
Hess grade V, coma); however, these rates were approximately 
twice as high three decades ago [56]. Approximately 4.5%-8% 
of patients will either present with seizures or develop seizures 
as a result of SAH. Thirty percent of patients with subarach- 
noid hemorrhage experience delayed cerebral ischemia or 
delayed ischemic neurological decline (DIND) [57, 58]. 
Delayed cerebral ischemia (DCI) is one of the most significant 
complications in the days after an acute aneurysmal SAH [59]. 
Therefore, ischemia has a decisive impact on mortality and 
functional outcome after aneurysmal subarachnoid hemor- 
rhage (SAH) [60]. The EEG sensitively mirrors metabolic 
deterioration and disturbed neuronal activity following 
reduced cerebral blood flow [7, 61]. EEG changes such as 
flattening of the EEG signal and loss of higher frequencies are 
found to occur rapidly if cerebral blood flow decreases below 
0.16-0.17 ml g/1 min [62, 63]. Literature reports continuous 
EEG monitoring as a promising approach for early detection of 
imminent DCI in SAH patients [15, 16, 22, 64, 65]. 


Future Directions: Portable Devices for 
Monitoring and Automated Signal 
Processing 


Secondary ischemic injury is common after acute brain injury 
and can be evaluated with the use of neuro-monitoring devices. 
Transcranial Doppler ultrasonography (TCD) and transcranial 
color-coded duplex sonography (TCCS) are important devices 
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to monitor cerebral blood flow in critically ill patients. Results 
may indicate vasospasm and delayed ischemic neurological 
deficits after aneurysmal subarachnoid hemorrhage. TCD 
and TCCS may be beneficial in identifying vasospasm after 
traumatic brain injury; however, they have shortcomings in 
identifying some secondary ischemic risks. Similarly, noninva- 
sive imaging of ischemia lacks the immediacy that allows for 
early intervention or real-time feedback. Other devices have 
been used to monitor for ischemia or ischemia risk. 
Implantable thermal diffusion flowmetry probes may provide 
real-time continuous quantitative assessment of ischemic risks. 
Non-implantable ischemia sensors, such as externally mea- 
sured electrical (ECG) monitoring and microprocessor con- 
trol, may be useful. However, such devices monitor multiple 
external sites using wire leads placed upon the chest wall and 
are not designed for implantation. Implantable devices require 
that issues of size, power consumption, biocompatibility, and 
robustness over time be optimized alongside sensing perfor- 
mance, a non-trivial task. Implantable sensors exist, but those 
designed to detect ischemia are rare. Currently no implantable 
sensors detect tissue ischemia directly, but rather predict the 
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Practice of Neuromonitoring: Cardiac Intensive Care Unit 


Illustrative Case 


Case 17 Newborn Heart Surgery: Hypoplastic Left Heart 
Syndrome 


Congenital heart disease (CHD) encompasses a large collection 
of cardiac malformations discovered at or before birth; it is the 
single most common form of birth defect. CHD affects roughly 
40,000 births in the United States each year, equating to an 
incidence of 4-50/1000 live births annually. One quarter of 
affected neonates require corrective surgery shortly after birth 
[1, 2]. The landscape of newborn heart surgery has substan- 
tially changed since the modern era began in the 1970s with the 
adaptation of adult cardiopulmonary bypass (CPB) circuitry 
for infants. The initial concern was nothing short of simple 
survival from these mostly lethal heart defects. After decades of 
progress, however, the center of focus has now shifted from 
survival to quality of life following newborn heart surgery 
(NBHS). Indeed, neurodevelopmental disabilities are now con- 
sidered the single most common sequela of NBHS. The basis of 
the lifelong neurological disabilities is multifactorial and com- 
plex, but we know that clinical management in the peri-opera- 
tive period has a significant impact on the infants' long-term 
outcomes. Consequently, neurological monitoring in the con- 
genital heart disease population is increasing worldwide. With 
so many infants undergoing NBHS, the field of neuromonitor- 
ing for these patients is wide. In this chapter, we first review the 
neurological effects of hypothermia and the actual conduct of 
newborn heart surgery. We then will discuss the indications for 
neuromonitoring and summarize its findings and outcomes in 
this unique population. 


Effects of Hypothermia on the Body 
and Brain 


One of the body's highest homeostatic priorities is the main- 
tenance of its core temperature. This is accomplished by a 
complex network of sensors and activators, such as muscle 
shivering and cutaneous vasoconstriction, under the orchestra- 
tion of the anterior hypothalamus. Normothermia in humans is 
defined as 36°C to 37.2°C (97°F to 99°F), with temperatures 
below this defined as hypothermia. Hypothermia is divided into 
four stages; (1) the range of clinical hypothermia is 35°C to 32°C; 
(2) the range of surgical hypothermia is 32°C to 25°C; (3) the 
range of deep or profound hypothermia is 25°C to 0°C; and (4) 
the range of frozen or super-cooled hypothermia is 0°C to -8?C. 
With deepening hypothermia, individuals become progressively 
amnestic, dysarthric, stuporous, and then frankly comatose with 
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absent brainstem reflexes. At 18°C, cardiac asystole occurs [3, 4]. 
Table 13.1 summarizes the neurological effects of progressive 
hypothermia. 

As body core temperature lowers, cellular and metabolic 
functions slow. Accordingly, neuronal metabolism and oxygen 
consumption decrease along with increasing hypothermia and 
arrest at -8°C. Hypothermia’s resulting reduction in cerebral 
metabolic activity has been exploited to preserve and protect 
the central nervous system in impending or actual acute 
hypoxia-ischemia scenarios. One of the first widespread appli- 
cations of therapeutic hypothermia was in adult cardiac sur- 
gery as a way to lower cerebral metabolic demands intra- 
operatively and mitigate potential brain injury. 


The Conduct of Cardiac Surgery for Serious 
Forms of Congenital Heart Disease 


Modern newborn heart surgery is a technological tour de 
force. The human heart is roughly the size of a clenched fist. 
Imagine the tiny heart of a newborn! Imagine further the 
technical skill needed to delicately operate on such a small 
organ that’s beating 120 times a minute. Since the late 1970s 
into the early 1980s, “open heart” surgery paradigms have 
evolved to repair or palliate even the most complex and 
formerly deadly forms of CHD. A timeline of the conduct of 
NBHS is shown in Figure 13.1. 

Brain cooling is the foundation of neuroprotection during 
the surgical repair of complex congenital heart disease. 
Hypothermia reduces cerebral metabolic demands, decreasing 
metabolic rate and oxygen consumption and thus creating a 
higher threshold for ischemic brain injury. Patients are typi- 
cally cooled to a moderate degree of hypothermia (25°C-33°C) 
when CPB alone is needed for surgery. One advantage is that 
moderate hypothermia for CPB alone still preserves some 
degree of cerebrovascular autoregulation. In some complex 
cases, CPB is instead complemented by deep hypothermic 
(~18°C) circulatory arrest (DHCA). DHCA allows more time 
for the surgeon to operate. At this degree of hypothermia, 
however, cerebral autoregulation is not preserved, and carbon 
dioxide exchange, mitochondrial function, and cerebral vascu- 
lature dynamics are blunted. 

The first phase of NBHS begins with the induction of 
general anesthesia, surface cooling, and local cooling of the 
head. The baby is then connected to cardiopulmonary bypass. 
CPB supports circulation and oxygenation to vital organs dur- 
ing cardiac surgery via an external circulatory system. This 
ensures that for the duration of surgery, oxygen and other 
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absent brainstem reflexes. At 18°C, cardiac asystole occurs [3, 4]. 
Table 13.1 summarizes the neurological effects of progressive 
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As body core temperature lowers, cellular and metabolic 
functions slow. Accordingly, neuronal metabolism and oxygen 
consumption decrease along with increasing hypothermia and 
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(~18°C) circulatory arrest (DHCA). DHCA allows more time 
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however, cerebral autoregulation is not preserved, and carbon 
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Table 13.1 Neurological effects associated with progressive hypothermia 


Core body temperature 


Degrees Fahrenheit Degrees Centigrade 


97-99 35.972 
95 35 
Q3 34 
914 33 
89.6 32 
85.2 29 
78.8 26 
734 23 
66.2 19 
64.4 184 
32 0 


Neurological and 
physiological effects 


Temperature stage 


Range of normal body Normothermia 


temperatures 


Minimum temperature for Clinical Stage Hypothermia 


ECSt recording by EEG 
Amnesia; dysarthria 
Ataxia; apathy 

Stupor 

Dilation of pupils Surgical Stage Hypothermia 
Unresponsiveness to pain 


Deep/Profound Stage 
Hypothermia 


Absent corneal and 
oculovestibular reflexes 


Isoelectric EEG 
Cardiac asystole 


Frozen/Supercooled Stage 
Hypothermia 


Incompatible with life 


TECS represents "electrocerebral silence" measured by scalp-recorded EEG. The specialized EEG recording technique required to confirm ECS 
conservatively requires the presence of a core body temperature of at least 35°C before the diagnosis of brain death can be made. 
418°C is also the target nasopharyngeal temperature during deep hypothermic circulatory arrest (DHCA) for newborn heart surgery. 


Figure 13.1 Blueprint of newborn heart surgery using 


cardiopulmonary bypass and deep hypothermic circulatory 
arrestand the relation to EEG 

This illustration shows the phases of NBHS over time (left to right) 
and as temperature is lowered (top to bottom). Expected EEG 
findings for each stage are listed for each phase, with examples in 
the lower panel. 

CPB, cardiopulmonary bypass; DHCA, deep hypothermic 
circulatory arrest. 
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vital nutrients continue to reach organs, even as the body's own 
circulatory system is "off line." The temperature of the perfu- 
sion solution is then gradually lowered by embedded refrigera- 
tion coils. 

It is important to keep in mind that brain perfusion via 
bypass pump carries its own inherent risks. Tissue perfusion is 
optimal with the natural pulsatile flow of cardiac systole and 
diastole that is absent during bypass. Catheter size, catheter 
placement, and selected flow rates can all affect the likelihood 
of a serious adverse event and therefore must also be chosen 
with utmost care [5]. Flow rates of 0.5 liters/m? have been 
shown to adequately support cerebral oxygen consumption 
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and maintain cortical evoked potentials during hypothermia. 
However, animal data suggest decreased cerebral adenosine 
triphosphate (ATP) levels even at this standard flow rate [6]. 
Exposure of the baby's blood to the foreign materials of the 
CPB circuit induces potent neurotoxic inflammatory cascades. 
Emboli from air bubbles, clotted blood, and other debris may 
lead to stroke. Every attempt is made to minimize CPB dura- 
tion while still allowing enough time for the core ofthe brain to 
achieve thermal equilibrium with the rest of the cooled body. 
In the case of DHCA, once the body and brain temperatures 
are reduced to deep hypothermic levels (~18°C), the heart is 
stopped and the CPB cannulae are removed. This provides the 


surgeon with a still and bloodless operative field to effect the 
most delicate aspects of heart surgery. During DHCA all 
brainstem reflexes are absent and the EEG itself is isoelectric. 
The “safe” duration of DHCA is not known with certainty. 
Durations of up to 30 minutes generally seem to be tolerated 
without increased risk of neurological morbidity. However, 
more than 60 minutes may be needed for some especially 
complex cardiac anatomies; such prolonged DHCA increases 
the risks of brain injury. 

At the completion of DHCA, the infant is recannulated 
onto CPB, cardiac action is restarted, and the patient is gradu- 
ally rewarmed. In the immediate post-cardiac surgery period, 
the brain and body are extremely stressed from their recent 
ischemia-reperfusion experience and the lingering effects of 
anesthesia and hypothermia. Around 12 hours post-opera- 
tively, cardiac output reaches its nadir from the myocardial 
depression induced by its own ischemia-reperfusion injury; it 
is not surprising to see some EEG abnormalities reflecting that 
cerebral dysfunction during this period of low cardiac output 
state after surgery. 

A newer low-flow bypass strategy, antegrade cerebral perfu- 
sion (ACP), includes perfusion of the cerebral vasculature via 
the carotid artery, while minimizing blood flow to the somatic 
vasculature and other organs. During ACP, core body tem- 
peratures are maintained at 20°C-25°C and continuous cere- 
bral flow rates are lowered to 50 mL/kg, which has been shown 
to support cerebral perfusion during hypothermia [7]. As this 
is a newer technique, outcome data are limited; however, a 
major concern is that ACP prolongs the overall pump exposure 
time. 

One key uncertainty with hypothermic strategies for NBHS 
is accurately measuring the true brain temperature. Core body 
temperatures are measured by nasopharyngeal (NP) probes 
and assumed to be uniform throughout the brain. The deep 
core brain structures are not directly sampled; it is unclear ifan 
18°C NP temperature translates to the identical cerebral tem- 
perature. It is known that temperature gradients exist between 
the cooler cortical regions and warmer basal ganglia regions 
[8], and the exact length of time for the initial CPB cooling to 
achieve thermal brain equilibrium with the body is uncertain. 
Overly rapid cooling implies that deep core brain temperatures 
might not have adequate time to fully equilibrate with the 
lower body temperatures. At the same time, excessively pro- 
longed CPB cooling unnecessarily increases the brain’s expo- 
sure to the inherent risks of CPB itself. 


Effects of Therapeutic Hypothermia 
on Neuromonitoring 


It is widely appreciated now that a significant morbidity fol- 
lowing CHD and NBHS is ongoing neurodevelopmental dis- 
ability. It is unknown to what degree this is caused by early 
differences in brain development, including in utero insults, 
unavoidable stressors inherent to NBHS, and/or additional 
early life medical factors. There are data that some neurological 
problems clearly exist in this population before NBHS. The 
mean head circumferences of babies with serious forms of 
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CHDs are significantly smaller at birth than their non-CHD 
counterparts. Pre-operative MRIs of these patients also 
demonstrate morphological brain immaturity measured by 
standardized total maturation scores [9, 10]. The same pre- 
operative imaging may also show acquired abnormalities such 
as white matter injury, focal brain injury (i.e. “stroke”) and 
tissue lactic acidosis using MR spectroscopy [11, 12]. 

Pediatric cardiothoracic surgeons have gone to admirable 
lengths to identify modifiable anesthetic and surgical variables 
to improve the neurodevelopmental outcomes of their 
patients. They have studied outcomes of patients following 
different surgical techniques, such as CPB alone versus CPB 
coupled with DHCA. Others compared developmental out- 
comes depending on how acid-base status is managed during 
surgery (so-called alpha stat versus PH stat blood gas manage- 
ment). Others investigated how the hematocrit of the CPB 
perfusate affected tissue perfusion and therefore brain vitality. 
The use of neuroprotective agents such as erythropoietin is also 
being explored. 

The hours and days following NBHS also contribute to the 
net neurodevelopmental outcomes. This is where prolonged 
neuromonitoring has played its largest role. Continuous video 
electroencephalogram monitoring has emerged as one of the 
premier tools to measure the brain's response to the stress of 
newborn heart surgery. There are two main goals of EEG 
monitoring in newborn heart surgery; (1) evaluation of the 
EEG background and (2) electrographic seizure detection. 


Interpretation of the EEG Background 


Due to central nervous system (CNS) immaturity, the clinical 
neonatal neurological examination is an insensitive marker of 
cortical function compared to older children and adults. Most 
clinically observable neonatal brain functions, such as sponta- 
neous respirations, oral feeding, small and large body move- 
ments, and primitive reflexes, are not controlled by the cortex, 
but rather by deep gray motor centers, brainstem centers, and 
spinal reflexes. Consciousness may be the only true measure of 
higher cortical functions in the neonate, but this is obscured in 
the post-operative period by their fragile medical state, phar- 
macological paralysis, and the use of medications for muscle 
relaxation, anxiolysis, and pain management. As a result, dys- 
function of or damage to the cerebral cortex is often clinically 
invisible in the neonate assessed just by neurological examina- 
tion. EEG background offers a noninvasive window into the 
neonate's functional cerebral cortical health. 

One of the earliest studies to examine the EEG effects of 
hypothermia and cardiac surgery was published in 1966 by 
Ann Harden and colleagues [13]. Their case series described 
23 children, ages 3 to 14 years, who underwent open heart 
surgery with hypothermic total circulatory arrest. The children 
were divided into two groups: (i) mild hypothermia (28°C- 
32°C) and light sedation with a veno-venous extracorporeal 
circuit without CPB; and (ii) moderate hypothermia (18.5°C- 
24.3°C) with venous-arterial extracorporeal circuit with CPB. 
In the first group, EEGs initially showed preservation of their 
baseline electrical frequencies. When the circulation was 
stopped without CPB, the faster frequencies were replaced 
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with high voltage slowing within 10-20 seconds, followed by 
gradual voltage attenuation and a flat tracing about 35 seconds 
later. The second group followed a different trajectory. Once 
temperatures dropped below 28°C, the EEG also showed repla- 
cement of faster frequency activity with high voltage slowing. 
In three-quarters of these children, generalized, high-voltage 
discharges appeared without clinical correlate. Their EEGs 
never completely attenuated despite hypothermia below 20° 
C. They attributed this preservation to the continued low flow 
bypass. When circulation was fully arrested, the EEG slowly 
attenuated, reaching electrical silence in about 109 seconds. In 
both groups, the EEGs remained silent for the duration of 
circulatory arrest. While the sample size was small and did 
not include neonates, this landmark study argued for the use of 
deeper levels of hypothermia in the pediatric cardiac surgery 
population to safeguard cerebral metabolism and neuroprotec- 
tion, demonstrated by the longer duration between cooling 
onset and EEG changes that represent. 

Stecker and colleagues documented EEG changes in 109 
adults during hypothermia before inducing cardiac arrest in 
thoracic aortic surgical procedures [14]. About 8 minutes after 
the start of cooling at a mean temperature of 29.6°C (21.5°C- 
34.2°C), the EEG remained continuous but showed periodic 
complexes that were unilateral or bilateral (synchronous or 
asynchronous) in the majority of cases. This was followed by 
a gradual dampening of the continuous background activity 
until burst suppression was attained at an average 12.7 minutes 
from cooling onset (2-28 minutes) and mean temperature 
24.4°C (15.7°C-33°C). Subsequently, the EEG progressively 
attenuated, reaching electrocerebral silence (ECS) at a mean 
time of 27.5 minutes (range 12-50 minutes) and a mean tem- 
perature of 17.8°C (12.5°C-27.2°C). In general, patients with 
longer times to attain one EEG milestone also had delayed 
times to subsequent milestones. These investigators also exam- 
ined potential patient-specific and procedural confounders 
and consistently found that patients with larger body surface 
area required longer cooling times. Increased time to reach 
ECS was also associated with increased hemoglobin concentra- 
tions, decreased cooling rate, and lower CO, tensions during 
cooling. Based on the heterogeneity of their results, they 
argued that it was not possible to specify a single standard 
duration and level of hypothermia to guarantee ECS in every 
patient. Rather, the procedure should be tailored to each indi- 
vidual using intra-operative EEG monitoring to confirm that 
ECS has been achieved. 

The description of the expected sequential EEG changes 
during hypothermic cardiac surgery led to an examination of 
their predictive value for immediate post-operative outcomes. 
In 2014, Seltzer and colleagues addressed this question in 
neonates, using post-operative EEG seizures as the dependent 
outcome variable in a cohort of patients with heterogeneous 
cardiac abnormalities and surgical repairs [15]. Seventeen 
infants age <3 months who underwent DHCA with regional 
cerebral perfusion at a mean temperature of 21.2°C were com- 
pared to 15 infants with cardiac surgery who did not undergo 
DHCA. All patients shared the same initial hypothermic EEG 
progression with diffuse slowing followed by increasing 
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discontinuity. In the DHCA group, the discontinuity increased 
until ECS was achieved with temperatures below 25°C. The 15 
patients who did not receive DHCA had temperatures above 25° 
C and never showed isoelectric tracings. With rewarming, most 
DHCA infants had a gradual reversal from isoelectric tracings to 
a burst suppression pattern without epileptiform features. In 
two others, without DHCA, however, unusual bursts of high 
amplitude, rhythmic sharp activity were noted, and both went 
on to show frank electrographic seizures post-operatively. Both 
also had single ventricle heart lesions which required longer 
operating times. While the generalizability of this study is lim- 
ited, the findings raise questions about the potential use of intra- 
operative EEG monitoring to predict post-operative seizures, 
mortality, hospital length, and other adverse outcomes. Figure 
13.1 demonstrates the sequential EEG changes during the course 
of newborn heart surgery under DHCA. 

The Boston Circulatory Arrest Study (BCAS) was a land- 
mark longitudinal neurodevelopmental study of infants (age 
<3 months) who required repair of D-transposition of the great 
arteries [6]. Study subjects were randomized to undergo only 
low flow CPB versus briefer periods of CPB combined with 
DHCA. The initial randomized trial assessed the incidence of 
adverse neurological signs in the two groups such as seizures 
during the immediate post-operative period. Patients in both 
treatment arms received deep hypothermia with temperatures 
lowered to 18°C. Continuous, full array analog EEGs (i.e., 
paper chart recordings) were performed before, during, and 
after surgery. The EEGs were not interpreted in real time and 
their EEG seizures not discovered until long after surgery. In 
total, 171 infants were randomized. None had any notable 
findings on pre-operative EEGs. Compared to the CPB alone 
group, the CPB + DHCA group had significantly longer times 
to the return of first EEG activity and the onset of some 
continuous EEG activity. The durations of DHCA correlated 
with EEG recovery times. None returned to their full pre- 
surgical EEG baselines by 48 hours post-surgery. In the 48- 
hour post-operative period, the incidence of EEG seizures was 
significantly higher in the CPB + DHCA group compared to 
CPB alone. Furthermore, longer DHCA times were signifi- 
cantly associated with an increased risk for seizures. The pre- 
sence of seizures in these patient raised the question whether 
post-operative EEG seizures were in turn associated with worse 
subsequent neurodevelopmental outcomes. 

In both neonates and older children, EEGs recorded for 48 
hours following surgery often show a slower frequency back- 
ground, often related to the combined depressant effects of 
anesthetics, sedatives, and analgesics. Figure 13.2 is an example 
of the effect of sedative medications on a neonatal EEG. 
Collectively, these medications diminish high-frequency 
rhythms. One pediatric study showed that the resolution of 
excessive post-operative slowing only occurred in 25% of 
patients within 48 hours of surgery [16]. Some did not return 
to their pre-operative EEG frequencies for 5-10 days. 
However, EEG slowing per se does not reliably predict poorer 
subsequent neurological outcomes. In general, the expected, 
typical degree of post-operative EEG slowing still has certain 
features, which if not present, should alert the clinician to 
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Figure 13.2 Effect of sedation medications on the EEG background. EEG tracings of a 14-day-old neonate of full-term gestation with total anomalous pulmonary 
venous return (TAPVR) immediately status post-surgical repair with DHCA. The post-surgical EEG background (A) has diffuse excessive beta activity and is excessively 
discontinuous with prolonged (>6 seconds) and attenuated («25 uV) inter-burst intervals. Immediately after the patient received boluses of fentanyl, midazolam, and 
vecuronium, the EEG background (B) temporarily becomes diffusely attenuated (all activity «10 uV) with periods of attenuation lasting up to 40 seconds. EEG 


displayed at 1 second per vertical time marker, sensitivity 7 uV. 


further investigation. Normal slowing is symmetric and bilat- 
erally posteriorly dominant. In neonates, the post-operative 
EEG may show prolonged suppression, burst suppression, or 
significant discontinuity. In general, over the first 48 hours of 
the post-operative period, there should be a gradual improve- 
ment of the background from excessively discontinuous to 
diffusely slow to faster frequency activity. Figure 13.3 shows 
the expected temporal evolution of the post-operative neonatal 
EEG following NBHS. More recently, EEG background fea- 
tures have been studied as an early harbinger of decompensa- 
tion. A single-center observational study included 22 neonates 
who had cardiac arrest while undergoing EEG following NBHS 
[17]. All had worsening of the EEG background prior to car- 
diac arrest, for a median of 3 minutes duration. This raises the 
question of whether automated early warning systems might 
use EEG to identify impending decompensation. 


Seizure Detection 


Seizure detection is the prime goal of EEG monitoring after 
NBHS. Unaided clinical observation is grossly inadequate to 
diagnose seizures and quantify their abundance in most neo- 
nates. Clinical observation alone both underestimates true 
seizure occurrence while overdiagnosing non-epileptic move- 
ments as seizures in others [18]. Neonates who are critically ill 
from a variety of acute etiologies have a high occurrence of 
subclinical (EEG-only) seizures [19, 20]. These consist of 
unmistakable ictal EEG patterns that fulfill all electrographic 
criteria for seizures, though the neonate has no outward clin- 
ical ictal manifestations. It is theorized that neonates have a 
higher preponderance of EEG-only seizures due to the inher- 
ent immaturity of their central nervous systems. Additionally, 
in neonates with previously confirmed electroclinical seizures 
(in which EEG seizures directly trigger simultaneous clinical 
seizures, such as repetitive clonic jerking of a limb), the use of 
anti seizure medications (ASM) often results in the 
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phenomenon of uncoupling. Treatment with ASMs uncouples 
electroclinical seizures by blocking their clinical manifesta- 
tions while leaving the EEG seizures unchecked [20]. Finally, 
the use of neuromuscular blocking agents to achieve deliberate 
iatrogenic paralysis post-operatively renders visual observa- 
tion for seizures virtually useless. In all, subclinical seizures 
have been found to constitute as much as 8096 of seizure 
burden across various neonatal cohorts [21-24]. Clinical diag- 
nosis alone grossly underestimates EEG seizures. 

In addition to the high rate of subclinical seizure burden in 
the neonate, clinical observation can overestimate seizure 
occurrence in others. Neonates possess a variety of movement 
patterns that are difficult to interpret, often making it impos- 
sible to discriminate epileptic activity from other movements. 
In a 2009 study, Malone et al. illustrated the enormity of the 
problem [25]. In their investigation, 137 healthcare providers 
from 8 different NICUs were asked to make a diagnosis based 
on 20 videos of infants with paroxysmal movements, shown by 
EEG to be seizures or not. The average correct score was only 
5096. There was poor inter-rater agreement among physicians 
and nurses, regardless of their levels of experience. There was a 
dichotomy in correct identification based on seizure semiol- 
ogy. Clonic seizures were correctly identified by 3796-9696 of 
observers. Subtle seizures were correctly identified by only 
2096-5096 of observers. 

Infants born with serious forms of CHDs who require 
NBHS are subject to the inherent difficulties of seizure diag- 
nosis on clinical grounds alone. There is a high risk of post- 
operative seizures in this population. Pre-1985 studies 
reported post-operative clinical seizures to occur in up to 
5096. However, with clinical advances of the past 30 years, 
this may not reflect the contemporary CHD population. In 
older studies, hypocalcemia (sometimes from unrecognized 
22q11.2 deletion, frequent among newborns with CHDs) was 
also fairly common and may have induced seizures. Routine 
EEG examinations were virtually unheard of in the early eras of 
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Figure 13.3 Evolution of the post-operative EEG. 


EEG tracings of a 7-day-old neonate of full-term gestation with hypoplastic left heart syndrome (HLHS) at (A) 6 hours, (B) 24 hours, and (C) 48 hours post-surgical repair 
with deep hypothermic circulatory arrest (DHCA). At 6 hours (A), the background is excessively discontinuous with attenuated («25 uV) and prolonged (26 seconds) 
inter-burst intervals. At 24 hours (B), the background remains discontinuous, but bursts are composed of a more diverse mixture of frequencies of moderate 
amplitude and inter-bursts are less attenuated (>25 uV) and shorter in duration. At 48 hours (C), the background is a continuous symmetric rich admixture of 
frequencies of moderate amplitudes. EEG displayed at 30 seconds per page, sensitivity 7 uV. 


NBHS. Conversely, the common use of benzodiazepines (for 
anxiolysis and sedation) and neuromuscular blockade makes 
those early clinical observations highly unreliable to measure 
the true incidence of post-operative seizures. With the gathering 
of experience and the technological development of digital EEG, it 
is now appreciated that subclinical EEG seizures are common in 
all ICU settings, from neonates to adults. Furthermore, these sick 
individuals may experience only a few seizures, but many develop 
electrographic status epilepticus [26]. See Figure 13.4 for exam- 
ples of electrographic seizures in neonates. 

The Boston Circulatory Arrest Study was one of the first to 
characterize seizure detection by clinical versus EEG diagnosis in 
the NBHS population specifically. Infants <3 months with D- 


https://doi.org/10.1017/9781316536001.013 Published online by Cambridge University Press 


transposition of the great arteries were randomized into two 
surgical repair groups using either low-flow CPB alone versus 
CPB with DHCA [6]. In this cohort, 6% had clinical seizures, 
while 20% had electrographic seizures post-operatively. Nine of 11 
infants with clinical seizures also had EEG seizures. When they 
occurred, clinical signs always followed the onset of EEG seizures, 
typically with a prolonged lag time. EEG allowed seizure recogni- 
tion hours before clinical signs arose. Clinical seizures were more 
common in the DHCA (11%) than the CPB-alone group (1%) and 
associated with longer arrest times, typically 35 minutes or more. 
EEG seizures were also more common in the DHCA (26%) than 
the CPB-alone group (13%). Seizure burden was high with 139 
minutes median total ictal duration. All had seizure onset within 


Figure 13.4 Neonatal seizure examples. 
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A. EEG tracing of a subclinical seizure in a 10-day-old neonate of full-term gestation. The seizure begins with rhythmic 1 Hz sharp wave discharges in the right central 
(C4) region which evolve in amplitude, frequency, and space over 30 seconds. The neonate has no clinical signs during this seizure. 

B. EEG tracing of an electroclinical seizure in a 1-day-old neonate of full-term gestation. The seizure begins with rhythmic 2-3 Hz sharp wave discharges in the central 
region, maximal in the left central (C3) region. (1) The sharp wave discharges evolve in amplitude and frequency in the left central region before becoming more 
diffuse. As the seizure evolves, there is diffuse rhythmic 10 Hz alpha activity (2), and as the seizure concludes, there is further evolution with rhythmic 2 Hz sharp wave 
discharges maximal in the right temporal (T4) region (3). Following the seizure, there is diffuse attenuation of the EEG background (4). The total seizure duration is 70 


seconds. Ten seconds after electrographic onset of the seizure, the infant had rhythmic clonic activity of the right arm. EEGs displayed at sensitivity 7 uV. 


the first 36 hours after surgery. While seizure onset did not 
consistently lateralize, most localized to the frontal and central 
regions, common watershed regions in the setting of hypoperfu- 
sion. Three risk factors for seizures were identified: increased 
duration of DHCA, the anatomical presence of VSD (as con- 
trasted to those who had an intact ventricular septum), and pre- 
operative acidosis [7]. 

Complementing this work were studies by the group at 
Children’s Hospital of Philadelphia (CHOP). An early detailed 
neuropathology study of the type and distribution of acute 
brain injuries present in those who died after the Stage I 
Norwood procedure for hypoplastic left heart syndrome 
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(HLHS) confirmed that hypoxic-ischemic injury to the cortex 
and subcortical white matter represented the main forms of 
damage [27]. It was also realized that one specific biochemical 
mechanism of cell damage was the generation of toxic oxygen 
free radicals during reperfusion catalyzed by the enzyme 
xanthine oxidase (XO). Further, allopurinol, a potent inhibitor 
of XO, suppresses free radical attacks on the brain and heart 
following reperfusion. This set the stage for a double blinded, 
randomized, placebo-controlled neurocardiac protection trial 
[28]. The study subjects were stratified into two risk groups. 
HLHS infants composed the first group, considered to be at 
highest risk for death or injury. The second group included all 
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Figure 13.4 (cont) 


other forms of CHDs lumped together (non-HLHS) consid- 
ered as those with lower risks of death or injury. The efficacy 
endpoints of the study included post-operative death, clinical 
seizures, coma, and cardiac arrest. There were no outcome 
differences between allopurinol and placebo infants in the 
lower risk, non-HLHS subjects. However, allopurinol use 
resulted in a significant reduction of cardiac events and sei- 
zures in the higher-risk HLHS survivors. Across all study 
subjects, 17% had clinical seizures, with over 60% starting 
within 48 hours after surgery. Risk factor analyses later identi- 
fied significant predictors of post-operative seizures: (i) the 
presence of suspected genetic conditions, (ii) cardiac anatomy 
(the presence of an aortic arch obstruction), and (iii) DHCA 
times 260 minutes. 

A later cohort included 183 infants under 6 months old who 
needed heart surgery using CPB and underwent continuous EEG 
monitoring for 48 hours post-operatively [29, 30]. In this group, 
DHCA had a median duration of 50 minutes when it was needed, 
and target core temperatures were around 18°C. When DHCA 
was not needed, the median temperatures were around 28°C. 
Electrographic seizures were detected in 11.5%, all of which 
were subclinical. The median number of EEG seizures per subject 
was 46. The typical time of EEG seizure onset was 21-22 hours 
after surgery. Clinical events electronically earmarked by bedside 
caregivers as possible “seizures” had no correlation with EEG 
seizures. Univariate predictors of EEG seizures included cardiac 
anatomy (HLHS or its variants), prostaglandin use, lowest naso- 
pharyngeal temperature, and longer DHCA durations. In multi- 
variate analyses, the single strongest seizure predictor was a 
DHCA duration exceeding 40 minutes. At the same time, avoid- 
ance of DHCA did not eliminate all risk for seizures. 

In 2011, the American Clinical Neurophysiology Society 
(ACNS) published recommendations for continuous EEG 
monitoring in high-risk newborn populations including 
NBHS with CPB [31]. A single-center prospective study adher- 
ing to this guideline included a total of 161 of 172 eligible 
neonates with CHD who were monitored for 48 hours post- 
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op over 18 consecutive months. EEG seizures appeared in 8.1% 
(13 of 161). The seizures were exclusively subclinical in 85% 
(11 of 13) infants. EEG status epilepticus was seen at some time 
after surgery in 62% (8 of 13) [23]. The median onset of post- 
operative seizures was 20 hours. In multivariate analysis, sei- 
zures were more common with delayed sternal closure and 
DHCA durations >40 minutes. EEG background variables 
did not predict seizures. Mortality was significantly higher in 
those with seizures (38%) than those without (8%). An accom- 
panying editorial opined that this study set the standard for 
future neurodevelopmental research in the NBHS population: 
“jt is clearly no longer adequate for investigators reporting 
outcomes after neonatal cardiac surgery to state that neonates 
did not have postoperative neurologic complications if they do 
not use continuous EEG monitoring” [32] Table 13.2 sum- 
marizes the results of many reports of seizures after NBHS 
[6, 23, 27, 28, 33-36]. 


Neuromonitoring Modalities 


Neonatal EEG monitoring serves two main purposes: the 
detection of seizures and a global characterization of central 
nervous system health by virtue of EEG background assess- 
ment. The 2011 ACNS neonatal guidelines recommend con- 
ventional, full array EEG as the gold standard of seizure 
detection [31]. Technical details on the conduct of monitoring 
including electrode placement, montages, and duration of 
recordings are included in the guidelines. Monitoring is 
recommended for at least 24 hours and should continue until 
no further seizures are detected for 24 hours. 

While conventional, full array EEG is considered the techno- 
logical gold standard of recording, other forms of monitoring are 
also valuable and merit consideration. Digital trend analyses 
depict EEG signals transformed over a compressed time scale. 
These digital displays provide a bird’s eye view of many hours of 
EEG, making long-term trends easier to spot. Non-neurologists 
can learn to meaningfully interpret trended data without formal 
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Perioperative Monitoring for Congenital Heart Disease Surgery 


Figure 13.5 The temporal relationship between 
conventional and amplitude-integrated EEG for 
long-term neonatal monitoring. 
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neurophysiological training. However, these condensed and sim- 
plified EEG trend displays have their own perils. Reduced EEG 
displays do not comprehensively represent the full landscape of 
the cerebral cortex. The highly compressed time scale also means 
that brief, but important, EEG events are likely to be missed. 
Finally, novice interpretation of the complex EEG signal is more 
likely to be “under-read” or “over-read.” Recording artifacts are 
notorious contaminants of the fragile and faint (microvolt) EEG 
signals and are difficult to spot without sophisticated knowledge 
of electrophysiology. 

The most commonly used simplified neonatal EEG trending 
format is amplitude-integrated EEG, or “aEEG.” aEEG monitor- 
ing typically requires the placement of four recording electrodes. 
For example, a common montage includes four scalp electrodes 
placed in the left and right central and parietal regions. The first 
channel of aEEG is obtained by measuring the electrical difference 
between the left central and left parietal areas (Cj, > Py). The 
second channel records the voltage difference between the right 
central and right parietal areas (Cr> Pr). The raw EEG signal 
from each electrode pair is highly filtered to remove electrical 
frequencies less than 2 Hz or more than 15 Hz. While conven- 
tional EEG displays 1 second of raw EEG per 15 mm, aEEG 
typically displays 1 hour of EEG compressed into just 6 cm, 
which comes out to 900 seconds of EEG per 15 mm (see Figure 
13.5). As such, the best use of aEEG is for long term assessment of 
background trends. 

Amplitude-integrated EEG is superior to unaided clinical 
diagnosis of seizures. However, because of the short duration 
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and unpredictable spatial fields of many electrographic sei- 
zures, there are sizeable limitations in quantifying seizures by 
aEEG, as compared to full array EEG. Numerous studies have 
shown that in a variety of high-risk neonatal populations, 
aEEG is less accurate for seizure detection than EEG [31, 37- 
42]. The accuracy of aEEG in seizure detection varies by the 
experience of the aEEG reader, with more experienced readers 
having greater accuracy in seizure detection [41, 43]. 
Amplitude-integrated EEG can be an excellent complementary 
tool to aid in rapid bedside diagnosis of seizures with later 
confirmation by continuous EEG monitoring. If continuous 
EEG is unavailable, aEEG can be the primary method for 
seizure detection, but confirmation by reviewing the imbedded 
two channels of raw EEG on the aEEG device is essential [31]. 

Just as there are differences in seizure detection by EEG and 
aEEG, there are also disagreements in assessing background 
abnormalities between the two methods. In one study, 48 
hours of continuous EEG was performed after NBHS [44, 
45]. These were divided into four 12-hour epochs, and assess- 
ments of EEG backgrounds were judged by standard EEG 
interpretive criteria as “normal” or “mildly,” “moderately,” or 
“markedly” abnormal. Those same digital EEGs were mathe- 
matically re-processed to create four corresponding 12-hour 
segments of aEEG backgrounds that were independently 
judged by standard aEEG interpretive criteria. Paired EEGs 
and aEEGs were available for 637 epochs recorded from 179 
infants. The distribution of EEG backgrounds included 60% 
normal, 22% mildly abnormal, 13% moderately abnormal, and 
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5% markedly abnormal. The distribution of aEEG back- 
grounds was significantly different from EEG and included 
2296 normal, 7396 moderately abnormal, and 596 markedly 
abnormal. Markedly abnormal aEEGs were relatively good 
predictors of moderately or markedly abnormal EEGs. 
However, most moderately abnormal aEEGs were associated 
with normal or mildly abnormal EEGs. Thus, aEEG often 
overestimated the severity of EEG background as being mod- 
erately abnormal when continuous EEG of the same epoch was 
interpreted to be normal or only mildly abnormal. 


Treatment of Seizures in the Newborn Heart 
Surgery Population 


No randomized, placebo-controlled efficacy trial has ever been 
conducted to establish the efficacy of medications used to treat 
neonatal seizures [46]. However, Painter et al prospectively 
compared EEG seizure responses in 59 drug-naive neonates 
randomly assigned to receive either intravenous phenobarbital 
or phenytoin [47]. In those initially assigned to phenobarbital 
treatment, only 4396 stopped having EEG seizure, while 4596 of 
those given phenytoin responded. When seizures persisted 
after the initial medication assignment, the other study medi- 
cation was administered as second-line treatment. Of the 
initial treatment phenobarbital failures, 27% responded to 
phenytoin, the second drug. Of the initial treatment phenytoin 
failures, 3896 went on to respond to phenobarbital. In total, 
5996 of neonates who received phenobarbital alone, phenytoin 
alone or a combination of both responded. In another systema- 
tic drug treatment study without a placebo control, Boylan et 
al. investigated EEG seizure response to a randomized choice 
of a second-line drug [48]. Twenty-two infants met study 
criteria and received phenobarbital as their first-line drug. 
There were 11 nonresponders who were then randomized to 
receive either a second-line benzodiazepine or lignocaine. 
None responded to benzodiazepines whereas lignocaine had 
a 60% response rate, defined as a 28096 seizure reduction. In 
contrast, other non-controlled trial studies showed more 
favorable responses to benzodiazepines [49-51]. Despite a 
lack of efficacy data, levetiracetam and topiramate have also 
gained favor for use in neonatal seizures [52-56]. The most 
recently published randomized trial of neonatal seizure treat- 
ment, NeoLev2, assessed the efficacy of intravenous phenobar- 
bital 20mg/kg compared to intravenous levetiracetam 40mg/kg 
for first-line therapy.[75] The study included neonates with 
seizures from a heterogenous group of etiologies, though none 
of the neonates had CHD. Of the 53 neonates who received 
levetiracetam initially, 28.396 achieved seizure freedom and of 
the 30 neonates who received phenobarbital initially, 8096 
achieved seizure freedom for 24 hours after ASM administra- 
tion. This head-to-head comparison of levetiracetam versus 
phenobarbital demonstrated a clear superiority of phenobar- 
bital for treating neonatal seizures at the doses utilized. 

The lack of high-quality efficacy data about anti-seizure 
medications applies equally to the NBHS population. Their 
treatment may be further confounded by additional consid- 
erations such as these patients' tenuous cardiorespiratory 
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profiles and uncertain drug elimination via renal and hepatic 
clearance. Baseline hypotension is relatively common post- 
operatively from cardiac dysfunction due to the myocardial 
hypoxia-ischemia encountered during CPB with DHCA. The 
main concern from phenobarbital is additional myocardial 
depression [57]. To mitigate this risk, some practitioners 
divide the recommended 20 mg/kg phenobarbital loading 
dose into smaller 5 mg/kg boluses given over a longer time. 
The effect of this dosing strategy is not known. Phenytoin is 
rarely used first line to treat seizures following NBHS because 
of the potential risk of cardiovascular collapse. Hypotension 
and sinus bradycardia and sinoatrial or atrioventricular block 
can occur if given rapidly. Phenytoin must be slowly admi- 
nistered intravenously at a rate not faster than 1.0 mg/kg/ 
minute. Further, neonates who have undergone CHD surgical 
repair are at risk of baseline arrhythmia if the cardiac con- 
duction pathways were severed or damaged during interven- 
tion, increasing the concern for both arrhythmia and cardiac 
collapse with phenytoin administration in this group. 
Maintaining adequate phenytoin blood levels is also notor- 
iously difficult in neonates [58]. 

Observational data from our institution of ASM adminis- 
tered for EEG seizures after NBHS were recently reviewed 
[59]. Of the 53 neonates who were treated with ASMs over a 
6-year period, 5896 received phenobarbital first, with 5896 of 
those achieving seizure freedom. Another 4296 received first- 
line levetiracetam, with 5596 achieving seizure freedom. 
Decisions on when and how to treat seizure recurrence were 
left to the treating physician. For second-line ASDs, 10 
received levetiracetam and 7 received phenobarbital, with 
4196 of those neonates achieving seizure freedom after second 
ASM. 

The high incidence of seizures using CPB and DHCA has 
prompted some centers to explore alternative NBHS methods 
such as high flow CPB coupled with anterograde cerebral 
perfusion (ACP) [35], and in this setting, the effect of different 
sedation strategies and their effect on seizures has been noted. 
A total of 68 neonates undergoing hypothermic (<30°C) CPB 
for at least 60 minutes were studied. No patient with 2-ven- 
tricle CHD anatomy (e.g., VSD) had seizures. Only 1.5% of 1- 
ventricle patients (e.g., HLHS) had seizures, a much lower 
incidence than other comparable cohorts (see Table 13.2). 
The authors concluded that the seizure decrease was not due 
to cerebral oxygenation differences. Ninety-four percent of the 
cohort had been preemptively given a post-operative benzo- 
diazepine for sedation purposes; this may explain some or all of 
their lower seizure burden. 


Neurological Outcomes in the NBHS 
Population 


It is now recognized that chronic neurodevelopmental disor- 
ders are the most common morbidities in NBHS survivors. 
These increased risks are related to all stages of their disease: 
pre-, intra-, and post-operative factors. The challenge is to 
identify which risks are amenable to therapeutic intervention. 
Post-operative seizures are near the top of that short list. 


Pre-operative Risk of CNS Injury in CHD 


The fetal brain enjoys preferential perfusion, with a quarter of 
all cardiac output directed there by the third trimester. During 
states of diminished cardiac output, fetal circulation reflexively 
spares the brain by shunting to cerebral blood flow (CBF) at the 
expense of other, less vital organs. An example of such “head 
sparing” is intrauterine growth retardation in which the head 
circumference is preserved at the expense of height and weight. 
However, beyond certain thresholds of decreased cardiac out- 
put, CBF is also restricted and ultimately blunts brain growth. 
This has been shown in single-ventricle CHDs such as HLHS in 
which head circumferences at birth commonly fall into the 
small or microcephalic range. Pre-operative brain MRIs also 
show structural brain maturation delays of 4-5 weeks at term 
[10]. Pre-operative MRIs have also shown ischemic white mat- 
ter injury (periventricular leukomalacia) in around 20%. 
Finally, pre-operative MR spectroscopy shows deep white mat- 
ter lactate peaks. These observations collectively suggest that 
CHDs seriously restrict CBF and brain maturation long before 
the baby’s birth [10, 12, 60-64]. Pre-operative MRI abnormal- 
ities in CHD, including injury and delayed brain development, 
have been associated with abnormal network function as mea- 
sured by EEG connectivity. Early brain development is abnor- 
mal both in structure and function [65]. 


Intra-operative Risks 


Cerebral blood flow is significantly distressed during NBHS. 
Brain tissue perfusion is optimal with the pulsatile blood flow 
of the natural cycles of cardiac systole and diastole. Continuous, 
non-pulsatile blood flow using the mechanical roller pumps of 
CPB does not match nature well. Emboli from clotted blood, air 
bubbles and other detritus within the bypass pump may obstruct 
cerebral vessels. During DHCA, all cerebral blood flow is com- 
pletely stopped under the relative protection of deep hypother- 
mia. This may be well tolerated briefly, but as noted earlier, 
seizures increase significantly with the longer DHCA times 
needed to repair the most complex forms of CHDs. Systemic 
inflammatory responses are also triggered by the infants’ blood 
contacting the foreign materials of the CPB tubing and mem- 
branes. Taken as a whole, the intra-operative period poses sig- 
nificant risks to the newborn brain. Studies have suggested an 
increased risk of post-operative brain injury for neonates with 
evidence of pre-existing brain immaturity [66]. A small case 
series found that a longer isoelectric state during DHCA was 
associated with lower developmental scores at follow-up, raising 
the question of whether intra-operative EEG to minimize iso- 
electric states during NBHS might be an opportunity for inter- 
vention [67]. Further study is needed to replicate these findings 
across a larger population. 


Post-operative Risks 


As discussed above, post-operative seizures are common and 
usually undetected without EEG monitoring. EEG seizures are 
significantly associated with increased mortality [23]. In the EEG 
monitoring subset of the CHOP apoE polymorphisms and 
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neurodevelopmental outcomes study, 11.5% of 183 subjects had 
post-operative seizures [29, 30]. Of these, 114 survivors returned 
at 1 year for neurological examinations and measurements of 
their mental developmental index (MDI) and psychomotor devel- 
opmental index (PDI) of the Bayley Scales of Infant Development 
[68]. A significantly higher risk of abnormal neurological exam- 
inations appeared in those with post-operative seizures (73% 
versus 41%, p=0.027). Frontal-onset seizures also predicted 
lower MDI (cognitive) but not PDI scores. The cohort returned 
again at 4 years to measure cognition, language, attention, impul- 
sivity, executive function, behavior problems, academic achieve- 
ment, and visual and fine motor skills [69]. Those with post- 
operative EEG seizures had significantly more deficits in execu- 
tive function and social behaviors. 

Survivors of the BCAS trial also underwent serial neuro- 
developmental examinations at 1 year, 2.5 years, 4 years, 8 
years, and in adolescence, providing one of the best long- 
itudinal studies of this population to date. At 1-year follow- 
up, infants with seizures performed worse on their PDI 
assessments (p=0.02), with a trend of longer total seizure 
duration correlating with lower PDI scores (p=0.09) [70]. 
They also scored significantly lower on assessments of eye- 
hand coordination, object relations, and vocalization, and 
were more likely to have an abnormal neurological examina- 
tion (p=0.008). Seizures were also significantly associated 
with more MRI abnormalities (p=0.002). By age 2.5 years, 
113 returned for assessment using the Minnesota Child 
Development Inventory [70]. Those with seizures scored sig- 
nificantly poorer in general development, expressive lan- 
guage, and personal-social skills. The trend of poorer 
outcomes after seizures persisted after adjustment for surgi- 
cal group stratification. At 4-year follow-up, 185 members of 
the original cohort were reassessed with neurological exam- 
ination, audiological testing, speech evaluation, and develop- 
mental testing with the Wechsler Preschool and Primary 
Scale of Intelligence-Revised [71]. Overall, full-scale, verbal 
and performance IQs were significantly lower than normal 
(p<0.001). Post-operative seizures significantly increased the 
risk of lower IQ scores and abnormal neurological outcomes. 
Their neurodevelopmental deficits persisted at 8-year follow- 
up. They suffered academically, with 33% needing remedial 
academic support and 10% repeating a grade. By age 16 years, 
139 returned for their final follow-up [72]. The frequent use 
of special services, including grade retention, tutoring, special 
education, occupational therapy, and psychosocial services, 
was seen in 65%. The presence of seizures was the only 
medical variable significantly associated with poorer math 
and reading scores, memory, executive function, and visual- 
spatial scores. Longer DHCA times predicted worse visual- 
spatial scores. 

In addition to primary cerebral impact during surgery, the 
myocardium itself also experiences an ischemia-reperfusion 
injury from CPB with DHCA impacting the risk for mortality 
and more systemic deficits. Cardiac output significantly sags in 
the first 12 to 24 hours after surgery. The cerebral vasculature 
also tries to adjust to systemic blood flow, and pressure changes 
after circulation is restored [16]. Post-operative heart failure and 
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frank cardiac arrest occur in about one-third which may require 
CPR, ionotropic support, and sometimes extracorporeal mem- 
brane oxygenation (ECMO). A mortality rate of 9% is seen 
within 30 days of surgery. Higher death rates are associated 
with body weight, Aristotle basic score, CPB time, aortic cross- 
clamp time, DHCA time, and single ventricle pathology [73]. 


Improving Care for the NBHS Population 


The optimal parameters of the medical management for NBHS 
have never been formally established by randomized con- 
trolled clinical trials. For example, despite precise temperature 
regulation within the operating room during cardiac surgery, 
scant attention has been paid to temperature management 
post-operatively. Measurements of serum glucose levels imme- 
diately after surgery show huge variability. The tricky art of 
balancing systemic, pulmonary, and cerebral blood flows varies 
from one center to the next. The widespread use of CNS- 


depressant medications to induce surgical anesthesia, sedation, 
pain relief, and anxiolysis varies widely but could also influence 
neurological outcomes by their synaptic suppression, which 
can trigger neuronal apoptosis. Steroid administration may 
reduce neuronal stem cell populations. Standardized protocols 
for the rapid detection and effective treatment of EEG seizures 
are also needed. 

A recent literature review assessed the limited studies that 
evaluate available neuromonitoring and neuroprotective 
modalities used in NBHS [74]. Many studies were retrospec- 
tive or simple case series. Some were prospective but with 
very small sample sizes. It concluded that there was insuffi- 
cient evidence to demonstrate that EEG monitoring 
improved outcomes, but highlighted the need for future, 
prospective, well-designed studies to assess the utility of 
EEG monitoring and its impact on neurodevelopmental out- 
comes in the NBHS population. 
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Illustrative Case 
Case 18 Extracorporeal Membrane Oxygenation 


Key Points 

* Seizures are common in neonates and children undergoing 
ECMO. 

* The majority of seizures during ECMO are subclinical and 
can only be diagnosed through continuous EEG monitoring. 


Introduction 


Extracorporeal membrane oxygenation (ECMO) is a tempor- 
ary cardiopulmonary support for neonates and children with 
potentially reversible cardiopulmonary disorders. Patients 
requiring ECMO support are at risk for brain injury due to 
pre-ECMO medical conditions, ECMO cannula placement in 
the carotid artery and internal jugular vessels, and complications 
arising during ECMO [1-9]. Acute brain injury may result in 
acute symptomatic seizures [10]. Clinical and electrographic 
seizures have been reported in 596-3096 of neonates and chil- 
dren undergoing ECMO. Because sedation and/or paralysis are 
often utilized during ECMO support, identification of neurolo- 
gical complications, including acute symptomatic seizures, may 
not be possible based on clinical observation alone. Thus, recent 
consensus statements have recommended increasing use of 
continuous EEG monitoring (CEEG) during ECMO in neonates 
[11] and children [12, 13] based on the theory that electro- 
graphic seizure identification and management may mitigate 
secondary brain injury and improve neurodevelopmental out- 
comes. This chapter reviews the available data regarding seizure 
incidence, risk factors, and outcomes in neonates and children 
requiring ECMO support. 


Seizure Incidence 


Clinical and electrographic seizures have been reported in 5%- 
30% of neonates and children requiring ECMO support. Most 
of the early studies included nonconsecutive cohorts without 
standardized use of cEEG to identify electrographic-only (sub- 
clinical, nonconvulsive) seizures. Thus, a 2015 systematic lit- 
erature review regarding the use and effectiveness of 
neuromonitoring methods during ECMO identified only 
seven studies that addressed EEG, including two studies with 
1-2 channel amplitude-integrated EEG and five studies with 
intermittent conventional EEG [14]. However, more recent 
studies have used cEEG in consecutive cohorts of children 
and have generally identified a higher incidence of seizures. 
A quality improvement study utilized cEEG in a nearly 
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consecutive cohort of 99 neonates and children undergoing 
ECMO. Electrographic seizures occurred in 1896 of subjects, of 
which 6196 had electrographic status epilepticus. Seizures were 
exclusively EEG-only in 8396 of patients, while 1796 had both 
EEG-only and electroclinical seizures. The median duration 
from cEEG initiation to the initial electrographic seizure was 
15 hours. Seizures occurred in 2896 of patients in the cardiac 
intensive care unit, 996 of patients in the neonatal intensive 
care unit, and 896 of patients in the pediatric intensive care unit 
[15]. Another study utilized 72-hours of cEEG of 70 neonates 
and pediatric patients undergoing ECMO and identified sei- 
zures in 2396 of patients. Among those with seizures, over half 
had nonconvulsive seizures, and only half had seizures in the 
first 24 hours of recording [16]. Another study used cEEG for 
the most of the ECMO duration in 66 nearly consecutive 
neonates and children requiring ECMO and identified seizures 
in 1796 of patients, including 4596 with status epilepticus and 
7296 with exclusively EEG-only seizures [17]. A large study of 
201 pediatric patients who underwent cEEG during the initial 
24 hours of ECMO identified electrographic seizures in 1696 
occurring a median of 3.2 hours after cEEG initiation [18]. A 
study of cEEG in 19 children undergoing ECMO support that 
reported 2196 of subjects had electrographic seizures. Among 
those with seizures, 5096 had electrographic status epilepticus, 
and 7596 of subjects had exclusively EEG-only seizures [8]. 

Lower seizure rates were identified in cohorts monitored 
exclusively with amplitude-integrated electroencephalography 
or brief conventional EEGs. One series of amplitude-integrated 
electroencephalography monitoring in 26 neonates under- 
going ECMO for the first 5 days identified 1196 of subjects as 
having electrographic seizures, including 896 of subjects with 
exclusively EEG-only seizures [19]. An early study of EEG in 36 
neonates requiring ECMO support reported nonconvulsive 
seizures in 1796 of patients, including 1196 with nonconvulsive 
status epilepticus [20]. A study of serial, routine EEG studies in 
145 neonates undergoing ECMO support identified electro- 
graphic seizures in 896 of patients [21]. 

Several studies have investigated seizure incidence without 
the use of cEEG, and they generally report slightly lower 
seizure incidences than the studies described above. The 
Extracorporeal Life Support Organization Registry included 
26,529 children and reported clinical seizures in 896 of patients, 
including electrographic seizures in 296 of patients, though 
most subjects did not undergo cEEG. That study also excluded 
patients with cardiopulmonary arrest. Seizures were reported 
in 996 of neonates with respiratory conditions, 896 of neonates 
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with cardiac conditions, 6% of pediatric patients with respira- 
tory conditions, 11% of pediatric patients aged 1 month to 1 
year with cardiac conditions, and 7% of pediatric patients older 
than 1 year with cardiac conditions [4]. An earlier registry 
study that included only patients with cardiac etiologies 
reported acute clinical seizures in 8% of neonates, 10% of 
children aged 31 days to 1 year, and 6% of children aged 1- 
16 years [22]. Higher seizure rates were reported in an older 
single-center study of 50 infants receiving ECMO support, 
with reported clinical seizures in 30% [23]. A study utilizing 
the United States Nationwide Inpatient Sample evaluated 
23,951 patients who underwent ECMO and identified neuro- 
logical complications in 11%, including seizures in 4% of 
patients, although again the majority of patients did not 
undergo cEEG. Seizures were not associated with longer 
lengths of stay, discharge to long-term care facilities, or mor- 
tality [24]. 

Together, these studies using continuous conventional 
EEG or aEEG monitoring indicate that seizures occur in 
about 10%-25% of patients requiring ECMO support, that 
patients with seizures often experience a high seizure exposure, 
and that most seizures can only be identified using EEG mon- 
itoring. Since many patients with seizures have exclusively 
EEG-only seizures, clinical observation alone is likely insuffi- 
cient to identify patients experiencing seizures. Thus, consen- 
sus reports and guidelines by the American Clinical 
Neurophysiology Society advocate for the use of cEEG to 
identify acute symptomatic seizures in these patients. The 
neonatal guideline describes ECMO as a "clinical scenario 
conferring a high risk for neonatal seizures" and thus indicates 
continuous EEG monitoring should be considered [11]. The 
adult and pediatric consensus statement does not specifically 
discuss ECMO, but recommends cEEG in patients with con- 
ditions which may be present in patients requiring ECMO such 
as "requiring pharmacological and at risk for seizures" and 
"patients with acute supratentorial brain injury with altered 
mental status " [12]. 


Seizure Risk Factors 


Identifying risk factors for seizures could help optimize utiliza- 
tion of limited cEEG resources by focusing use on the patients 
most likely to experience seizures. Especially for patients who 
might require more than one day of cEEG, the pre-test prob- 
ability of seizure has a substantial impact on the cost-effective- 
ness of cEEG strategies [25, 26]. Table 14.1 summarizes the risk 
factors that have been associated with seizures in neonates and 
children undergoing ECMO. Reported risk factors include 
younger age, including neonates [4] and children under 1 
year old [24], patients with low cardiac output syndrome 
[15], the presence of epileptiform discharges [8], and ipsilateral 
lesions on neuroimaging [18]. In one study, seizures occurred 
in 2196 of 85 patients who received veno-arterial ECMO sup- 
port and 096 of 14 patients who received veno-venous ECMO 
support, although this difference was not significantly different 
(p=0.06). Similarly, seizures did not occur in any of the 16 
patients with a normal EEG background or any of the 9 
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patients with an attenuated-featureless EEG background, but 
seizures occurred in 2496 of 68 patients with a slow-disorga- 
nized EEG background and 33% of 6 patients with an exces- 
sively discontinuous or burst suppression EEG background 
[15]. In one study, electrographic seizures always occurred 
ipsilateral to neuroimaging injury, but only about one-third 
with neuroimaging injury experienced electrographic seizures 
[18]. Similarly, in one study electrographic seizures were asso- 
ciated with cerebral edema evident on neuroimaging [17]. 
Several investigators did not identify associations between 
seizures and clinical features, such as vital signs and hemody- 
namic data preceding ECMO, pre-ECMO diagnoses, ECMO 
indication (respiratory, cardiac or extracorporeal cardiopul- 
monary resuscitation), ECMO mode (veno-arterial or veno- 
venous), and ECMO duration [4, 8, 15, 23]. These discrepan- 
cies may be attributed to the different populations studied and 
the small number of subjects included in many of these studies. 
Larger prospective cohort studies with cEEG in all patients for 
an extended duration might allow development of seizure 
prediction models that could help optimize utilization of lim- 
ited cEEG resources. 


Seizures and Outcome 


The causal impact of seizures on outcome among children 
undergoing ECMO support remains uncertain. While it is 
possible that acute symptomatic seizures cause secondary 
brain injury, which in turn worsens outcomes, seizures 
might also be primarily biomarkers of more severe under- 
lying brain injury. Several studies have reported that seizures 
are associated with higher mortality and less favorable neu- 
rodevelopmental outcomes among survivors including devel- 
opmental delay, lower IQ, and higher rates of cerebral palsy 
and language disorders [4, 15, 16, 20, 21, 23, 27, 28]. However, 
other investigations have not identified associations between 
seizures and outcomes [5, 8, 24]. Larger studies with more 
standardized outcome assessments are needed to determine 
whether the presence of clinical and/or electrographic sei- 
zures remains associated with mortality and neurodevelop- 
mental morbidity after adjusting for variables reflecting 
critical illness and brain injury severity. Similarly, further 
study is needed to determine to what degree optimized sei- 
zure identification and management improves patient 
outcomes. 


Technical Issues 


Continuous EEG monitoring in neonates and children 
undergoing ECMO support can be complex since these 
patients are often medically unstable, and they are sur- 
rounded by an enormous amount of equipment. 
Involvement of experienced EEG Technologists is essen- 
tial. Acetone, often used to remove collodion-affixed EEG 
electrodes, could damage the plastic tubing of the ECMO 
apparatus; careful use of acetone is required and many 
centers use paste (rather than collodion) for EEG moni- 
toring in these patients [29]. Consideration of electrode 
type may be important. Use of conductive plastic electrodes 
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Figure 14.1 Example of artifact in EEG during ECMO. 

This EEG was recorded in a 1-day-old term-born baby with congenital heart disease who required ECMO soon after birth. Without filtering for external 

60 Hz electrical artifact (top), the recording is largely uninterpretable. With 60 Hz filter applied (bottom), there remains EKG artifact visible in multiple 
186 channels in addition to ECMO artifact visible in the extracerebral channels. Recording is 15 seconds per screen, Sens 7 UV, Tc 0.1 sec. 
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EEG Monitoring in Neonates and Children Undergoing Extracorporeal Membrane Oxygenation 


in place of conventional gold electrodes has been associated 
with reduced artifact and greater confidence in EEG interpreta- 
tion accuracy [30]. These plastic electrodes may also allow 
performance of computerized tomography [31] (which can be 
performed at bedside at some institutions) without need for 
removal and reattachment of electrodes in these unstable 
patients. Interpretation may be challenging for EEG recorded 
during ECMO given frequent resulting artifact (see Figure 
14.1). EEG terminology which may guide standardized report- 
ing of cEEG in patients undergoing ECMO support has been 
provided by the American Clinical Neurophysiology Society for 


Summary 


Seizures are common in neonates and children undergoing 
ECMO. Studies that used cEEG have identified a higher inci- 
dence of seizures than studies relying on clinical identification. 
Since many patients requiring ECMO may not manifest clini- 
cally evident seizures, clinical observation along may fail to 
identify electrographic seizures. Further research is needed to 
better determine the risk factors for electrographic seizures, 
establish optimal management strategies, and then determine 
whether optimized seizure identification and management 
ultimately improves patient outcomes. 


neonates [32] and older patients [33]. 
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Illustrative Case 
Case 19 Cardiac Arrest 


Key Points 

* Neuromonitoring can guide patient management and aid in 
prognostication following cardiac arrest. 

* EEG background patterns may be useful in outcome 
prognostication for some patients within 24 hours of cardiac 
arrest. 

e Seizures are common in children after cardiac arrest, and 
seizures are most often subclinical. 

* The greatest risk for seizures is in the first 24 hours after 
return of spontaneous circulation (ROSC) and during 
rewarming from hypothermia. 

* Hypothermia may impact the interpretation and optimal 
timing of neuromonitoring data used for prognostication. 

* Experts recommend a multimodal approach to 
prognostication. 


Introduction 


Every year in the United States, more than 8000 children experi- 
ence a cardiac arrest (CA) [1]. Survival from in-hospital cardiac 
arrest (IHCA) has improved substantially from ~10% in the 1980s 
to ~45% in more recent years [2, 3]. Approximately 60%-78% of 
children who experience an IHCA will have return of spontaneous 
circulation (ROSC), of which 4596-4996 will survive to discharge 
and 7596-8996 will have a favorable neurological outcome [2, 4, 5]. 
Out-of-hospital cardiac arrest (OHCA) survival rates have also 
improved for select age groups but still remain low at 296-996, with 
many patients experiencing subsequent severe neurological mor- 
bidity [6-8]. However, among children who survive OHCA to 
hospital admission, approximately 2596-3896 will survive to dis- 
charge, and 6296 of survivors will have a favorable neurological 
outcome [3, 9]. Those patients who survive with neurological 
disability are usually severely affected [10]. Recent characteriza- 
tion of long-term CA survivors shows that many children have 
worse cognition and executive function, worse overall health 
status, and lower quality of life than children their age [11, 12]. 
The period following ROSC is a critical time during which the 
identification and management of neurological injury may lead 
to increased survival and improved long-term functional out- 
comes [13]. Methods to improve outcomes have focused on (1) 
identification and management of ongoing brain injury to pre- 
vent or minimize secondary brain injury and improve outcomes, 
and (2) neurological prognostication to help clinicians and 
families determine when to withdraw technological support. 
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While prognostication historically focused on the use of 
pre-CA and CA characteristics, experts now advocate for a 
multimodal approach combining patient and arrest character- 
istics, the clinical examination, biomarkers, neuroimaging, 
electroencephalography (EEG), and somatosensory evoked 
potentials (SSEPs) [14]. This type of combined approach, par- 
ticularly when variables reflecting brain function are included, 
is generally more accurate than prognostication based on any 
single variable. Furthermore, the use of therapeutic hypother- 
mia and sedating medications can confound the reliability of 
some neurological assessments; these are important to con- 
sider when interpreting examination signs and functional test 
results for prognostication. Careful and thoughtful interpreta- 
tion of these modalities is essential to avoid premature with- 
drawal of technological support in patients who could have a 
favorable recovery, or overly aggressive resuscitation in 
patients that will have a severe outcome such as a persistent 
vegetative state. 

The pathophysiology of post-CA brain injury is complex 
and is characterized by vascular injury, excitotoxicity, altered 
calcium homeostasis, free radical production, and cell death 
[13]. Loss of cerebral vascular autoregulation as well as periods 
of hypoxia, hypotension, fever, hyperglycemia, and seizures 
can also further worsen neurological injury [13, 15]. 
Treatment focused on cerebral resuscitation involving avoid- 
ance of hypotension, hyperoxia, hypercarbia and hypocarbia, 
glucose derangements, and hyperpyrexia may impact out- 
comes [16]. EEG monitoring can be useful to identify seizures, 
which may also worsen underlying hypoxic-ischemic brain 
injury. 

Physicians are faced with the challenges of judiciously titrat- 
ing post-resuscitation therapies to optimize brain recovery in 
the face of limited understanding of an individual patient's 
brain physiology and extent of injury. Neuroprotection is an 
essential but challenging aspect of post-resuscitation care; many 
physiological parameters can alter the fragile balance between 
oxygen delivery and demand. Neuromonitoring can help phy- 
sicians better understand the brain's evolving pathophysiology 
so that individualized therapies can be implemented to optimize 
neurological outcome. 

There are several neuromonitoring tools that can help 
physicians better understand brain pathophysiology and con- 
tribute to both management and prognostication. 
Conventional continuous EEG (cEEG) monitoring as well as 
quantitative EEG (QEEG) analysis methods can provide 
insight to the severity of encephalopathy and the presence of 


189 


190 


Genevieve Du Pont-Thibodeau, Nicholas S. Abend, and Alexis A. Topjian 


Quantitative EEG 
(aEEG & CDSA) 


Continuous 
Video EEG 


Arterial BP 
O, Saturation 


Cerebral NIRS 


Thermoregulation 
with cooling blanket 


Figure 15.1 Multimodal neuromonitoring in a child following resuscitation from cardiac arrest. 


electrographic seizures and status epilepticus. Somatosensory 
evoked potentials (SSEPs) have been identified as the most 
reliable prognostication tool in comatose adults, but fewer 
data are available in children. Recently, the role of near-infra- 
red spectroscopy (NIRS), a measurement of a regional oxygen 
saturation (rSO2), has been used as a surrogate for brain oxy- 
gen saturation and extraction. No single neuromonitoring tool 
is able to provide a complete assessment of brain function; 
however, when these tools are used in conjunction, clinicians 
may be able to understand the complex and ongoing patho- 
physiology of the post-CA brain (Figure 15.1). 

In this chapter, we will discuss cEEG monitoring, quanti- 
tative EEG methods for seizure identification, and EEG back- 
ground interpretation. We will discuss SSEPs and NIRS and 
their respective roles in neurological management and prog- 
nostication. We will also address how therapeutic hypothermia 
(TH) and medication exposure can change the reliability of 
some of these neuromonitoring tools. 


Electroencephalography (EEG) 


Seizures 


Epidemiology 

Studies have found that 1596-7996 of children who achieve 
ROSC after CA will develop acute symptomatic seizures in 
the hours to days following their initial hypoxic-ischemic 
brain injury [17, 18]. This is similar to the seizure prevalence 
in adults following CA, reported in 1096-5996 of patients [19]. 
The majority of seizures following CA are electrographic-only 
(i.e., nonconvulsive, subclinical). Since they do not have any 
identifiable clinical correlate, identification requires cEEG 
monitoring [20, 21]. In some patients the clinical manifesta- 
tions may be masked by paralytic administration, but in many 
patients the seizures have no clinical manifestations even in the 
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absence of any paralytic medication administration. In a 
prospective study of 19 children monitored with cEEG for 
72 hours post-CA, 4796 experienced electrographic sei- 
zures, of which 67% were EEG-only and 78% were elec- 
trographically generalized [22]. The seizure burden is 
often high in children who experience seizures. Status 
epilepticus (SE), including convulsive or nonconvulsive 
SE (NCSE), occurred in 32%. 


Timing of Seizure Onset 


Continuous EEG monitoring is the gold standard technique 
used to identify electrographic seizures and status epilepticus. 
In one study, 87% of electrographic seizures in critically ill 
children occurred within the first 24 hours following ROSC 
[23]. Ina study of 19 children undergoing 24 hours of TH, one 
patient developed seizures during the first 12 hours of TH, 4 
patients had seizure onset in the subsequent 12 hours of TH, 
and 4 patients developed seizures during the rewarming 
phase (Figure 15.2) [22]. More recently, in a study of 128 
children initiated on cEEG monitoring within the first 
24 hours following ROSC, only 16% experienced seizures 
while undergoing monitoring [17]. In adults treated with 
TH, seizures often occur in the first 24 hours post-CA or 
during the rewarming phase [24]. However, adults typically 
undergo TH for up to 24 hours and rewarming over 6 hours, 
thereby completing their temperature treatment period more 
rapidly than children managed with TH [25-27]. As a result 
of these data, recent guidelines and consensus statements 
have recommended cEEG monitoring in all patients with 
hypoxic-ischemic brain injury to identify seizures for at 
least the first 24 hours following ROSC, or longer in certain 
clinical scenarios such as in patients treated with TH [14, 19, 
28]. EEG monitoring should be started early following ROSC, 
and monitored for at least 24 hours or through rewarming if 
TH is utilized. 


= EEG monitoring performed === = Seizures 


= = Status epilepticus 


Neuromonitoring after Cardiac Arrest 


Figure 15.2 Seizure occurrence in a cohort 


following pediatric cardiac arrest. 
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Reproduced with permission from [22]. 
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Quantitative EEG (QEEG) for Seizure Identification 


Although cEEG monitoring is the gold standard to detect 
seizures, it is resource intense: it requires EEG equipment, 
EEG Technologist availability to apply electrodes and trou- 
ble-shoot artifact issues, and electroencephalographer exper- 
tise for interpretation. Even when these resources are available, 
cEEG monitoring interpretation is time consuming since each 
page or screen of EEG must be reviewed one at a time. Thus, 
there is limited access to cEEG in most North American pedia- 
tric intensive care units [29]. Based on data from a survey of 
large North American pediatric institutions, 2196 do not have 
24/7 EEG technologist availability [30]. Even when these 
resources are available, interpretation is often periodic (about 
2-3 times per day) and not continuous, potentially leading to 
delays in seizure identification. 

QEEG techniques such as aEEG and color density spectral 
array (CDSA) may allow more efficient review by electroence- 
phalographers and may enable non-EEG trained clinicians to 
identify seizures and assess the EEG background [31]. 

Amplitude-integrated EEG is a processed, filtered, and 
time-compressed EEG display that presents amplitude 
(y-axis) data over time (x-axis). It displays peak-to-peak ampli- 
tude values of filtered and rectified EEG. CDSA uses Fourier 
transformation to present EEG power (amplitude?/Hz) (color) 
and frequency (y-axis) over time (x-axis). Both modalities have 
the advantage of displaying several hours of compressed EEG 
data in a single image [32-34]. The time compression used by 
these techniques may allow more rapid review of large volumes 
of cEEG data; however, because of the time compression, short 
seizures could be also be missed (Figures 15.3 and 15.4). 

QEEG has been studied for seizure identification by both 
neurologists and intensivists. Most investigations have studied 
etiologically heterogeneous cohorts. While neurologists have 
focused on using this modality for screening many hours of 
EEG for seizures efficiently, intensivists have focused on detect- 
ing seizures more rapidly at bedside. Several studies have 
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evaluated QEEG techniques in heterogeneous cohorts of criti- 
cally ill children. In one study, 3 electroencephalographers 
reviewed 27 CDSA and aEEG tracings. The median sensitivity 
for seizure identification was 83% using CDSA and 82% using 
aEEG. However, for individual tracings the sensitivity varied 
from 096 to 10096, indicating excellent performance for some 
patients and poor performance for other patients, likely related 
to individual seizure characteristics. False positives (event iden- 
tified as a seizure which was not a seizure based on conventional 
EEG review) occurred about every 17-20 hours [35]. In a second 
study, 8 electroencephalographers reviewed 84 CDSA images. 
Sensitivity for seizure identification was 6596, specificity was 
9596, and only about half of seizures were identified by 6 or 
more of the raters [36]. A study of CSDA and envelope trend 
EEG review by electroencephalographers found that seizure 
identification was impacted by both modifiable factors (inter- 
preter experience, display size, and quantitative EEG method) 
and non-modifiable factors inherent to the EEG pattern (max- 
imum spike amplitude, seizure duration, seizure frequency, and 
seizure duration) [37]. 

Studies of neurologist interpreted CDSA, following two- 
hour training sessions, showed seizure identification sensitiv- 
ities of 8396 and 8996 [35, 38, 39]. A study using a shorter 
training session had lower sensitivity for seizure identification 
(6596-7596) [36]. Despite the variable reliability for seizure 
identification, review of QEEG may decrease the amount of 
time required for data interpretation. Despite these early data, 
optimal QEEG trends have not been identified. Further, cEEG 
monitoring should be reviewed in conjunction to QEEG to 
minimize the risk of false seizure identification [39, 40] to 
avoid unnecessary exposure to anti-seizure medications. 

The role of QEEG for bedside interpretation for seizure 
detection is still in its infancy. However, early data suggest 
that these tools may be viable for screening of seizures for 
non-EEG trained providers. One study in children specifically 
addressed QEEG for seizure identification after CA by 
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Background patterns on QEEG. 
Top panel is aEEG of right [blue] and left [red] hemispheric average brain activity. Bottom two panels are CDSA of right and left hemispheric average brain activity. (a) 
Continuous background with diffuse slowing, (b) burst suppression, (c) attenuated background. 


non-neurology-trained providers [34]. Twenty critical care each of 200 CDSA images contained electrographic seizures. 
physicians and 19 critical care nurses with a brief training Their sensitivity for seizure detection was 70% (indicating that 
session regarding CDSA were asked to determine whether ^ some electrographic seizures were not identified), and the 
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Seizure patterns on OEEG. 
Top panel is aEEG of right [blue] and left [red] hemispheric average brain activity. Bottom two panels are CDSA of right and left hemispheric average brain activity. (a) 
Recurrent seizures, (b) persistent and sustained seizures with intermittent return to baseline, (c) sustained status epilepticus. 


specificity for seizure detections was 6896 (indicating that some Evaluation of QEEG in adult neuroscience ICUs had sensi- 
images categorized as containing EEG seizures did not contain tivities of 28096 when evaluated by physicians and bedside 
seizures based on conventional EEG review). nurses after a 15-minute training session [41, 42]. Notably, 


193 


https://doi.org/10.1017/9781316536001.015 Published online by Cambridge University Press 


194 


Genevieve Du Pont-Thibodeau, Nicholas S. Abend, and Alexis A. Topjian 


BEEG Hemisphenc (red«aght. biuesteft_ pink «overiap) 


d! 0400 d!0420 d!0440 


100uv 


uw 


4105.00 6105.20 d'0540 


Figure 15.4 (cont) 


there was no difference between specialty and seizure identifi- 
cation rates, indicating the techniques may achieve similar 
results when used by electroencephalographers and critical 
care clinicians. Amplitude-integrated EEG has been exten- 
sively evaluated in newborns with  hypoxic-ischemic 
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encephalopathy with reported seizure detection rates of 22%- 
8096, and interpretation is usually performed by bedside neo- 
natologists and neonatal nurses [33, 43-49]. Similarly, QEEG 
techniques may enable critical care clinicians to identify non- 
convulsive seizures more rapidly than by periodic cEEG and 


might allow independent use in centers with limited cEEG 
monitoring resources. It remains to be seen whether utilization 
of these modalities leads to more rapid seizure identification, 
earlier treatment, and improved outcomes, but they may be an 
important part of future bedside multimodal monitoring. 


Seizures and Outcome 


It remains unclear whether seizures post-CA are merely biomar- 
kers of more extensive hypoxic-ischemic injury or whether 
the seizures lead to secondary brain injury which might worsen 
outcome. The "excitotoxic" theory of seizures explains that 
increases in pre-synaptic glutamate activate post-synaptic 
N-methyl-p-aspartate (NMDA) receptors, leading to cellular cal- 
cium influx and initiating a cascade of intracellular processes that 
result in free radical production, DNA damage, and cell death [50, 
51]. Because it is difficult to determine whether there is a causal 
relationship between seizures and outcomes, most clinicians aim 
to treat seizures. Few studies have investigated the impact of anti- 
seizure medications on outcome in the CA population. Some 
series have reported favorable recovery with aggressive seizure 
treatment in a select group of patients (i.e., preserved brainstem 
reflexes, present cortical response on SSEPs, and a reactive EEG) 
[52-54]. Further, adults with post-CA nonconvulsive seizures and 
reactive EEG backgrounds treated with anti-seizure medica- 
tions have been reported with favorable neurological out- 
comes [55-57]. Aggressive treatment of seizures may 
prevent secondary brain injury and thus less favorable neu- 
rological outcomes [58]. In adults, seizure duration and time 
to detection are associated with mortality, and delay in sei- 
zure recognition and treatment can lead to refractory seizure 
control and need for increased therapy [28, 58-60]. 
Interestingly, neonatal human data indicate that early and 
aggressive treatment of nonconvulsive seizures following 
hypoxic-ischemic injury decreases MRI abnormalities and 
improves outcome [61]. In contrast, a study of post-CA adults 
reported that the routine use of cEEG improved seizure 
detection but did not impact outcome [62]. 

Given these conflicting data, most clinicians aim to identify 
and treat seizures, while recognizing that aggressive therapies 
may not change outcome and carry a risk for adverse events 
such as hypotension, hypoxia, and respiratory depression [63- 
65]. Future studies are needed to delineate prognostic factors 
that may impact whether seizure treatment improves neurolo- 
gical outcomes. 

Historically, the development of seizures and status epilep- 
ticus in children and adults post-CA has been associated with a 
unfavorable neurological outcome [66]. In particular, myoclo- 
nic status epilepticus has been considered a harbinger for 
unfavorable outcomes, often leading to withdrawal of techno- 
logical support when identified. However, with increased 
cEEG utilization, it has become easier to detect electrographic 
seizures and status epilepticus without clinical correlates which 
might be impacting the brain without signifying as unfavorable 
an outcome. The prognostic significance of seizures and myo- 
clonus warrant further scrutiny. 

Substantially more data are available in adults than children. 
Comatose adults treated with TH who experienced status 


https://doi.org/10.1017/9781316536001.015 Published online by Cambridge University Press 


Neuromonitoring after Cardiac Arrest 


epilepticus had a 9296 positive predictive value for unfavorable 
outcome [67]. Further, in several single center studies of comatose 
adults post-CA treated with TH, 9496 of patients with epilepti- 
form activity and all patients with electrographic seizures had 
unfavorable neurological outcome or death [24, 68]. However, 
there are also reports of adults with status epilepticus who sur- 
vived with only moderate impairment or returned to baseline 
[54]. 

In the subset of critically ill children who had seizures, 
some studies have reported that in children who had CA, 
electrographic seizures were not associated with worse out- 
come, while status epilepticus was associated with unfavorable 
outcome [17, 69]. Despite this, a recent retrospective observa- 
tional study of 73 children managed with and without TH 
following cardiac arrest found that all patients with seizures 
in the first hour of monitoring had unfavorable outcomes [70]. 

The presence of epileptiform activity as defined by sporadic 
epileptiform discharges, periodic discharges, or seizures does not 
appear to improve prognostic accuracy when compared to EEG 
background patterns alone [71]. A study of 111 comatose patients 
post-CA continuously monitored with EEG demonstrated that 
status epilepticus was common (2796) and occurred over two 
types of backgrounds. All patients with status epilepticus devel- 
oping over a background of burst suppression had an unfavorable 
outcome, while 2096 of patients with status epilepticus but a 
continuous EEG background had a full neurological recovery 
[66]. Similar results have been observed in patients with status 
epilepticus with background reactivity [54]. Clinicians should be 
wary that status epilepticus is not a sole predictor of outcome in 
patients, but must be considered in the context of other informa- 
tion. EEG background patterns may provide better prognostic 
value than seizure activity alone, discussed further below. 

Myoclonic seizures and non-epileptic myoclonus pose par- 
ticular challenges in cEEG monitoring interpretation after CA. 
Myoclonus is a brief, involuntary twitching of a muscle or a 
group of muscles. Myoclonus without EEG correlate is com- 
mon in adults following cardiac arrest; it is far less common in 
children after cardiac arrest. Myoclonic seizures are episodes of 
clinical myoclonus that are of cortical origin, and are time- 
locked to an EEG correlate. Prior to cEEG monitoring, post- 
arrest myoclonus had been difficult to fully characterize [72]. 
Status myoclonus was considered a very ominous sign. 
However, use of cEEG monitoring allows closer inspection of 
affected patients. In some cases, short-acting neuromuscular 
blockade has been used to remove the myogenic artifact in 
myoclonus to clarify whether EEG seizures are present [73]. 
Status myoclonus refers to generalized myoclonus in comatose 
patients lasting more than 30 minutes, either with or without 
associated epileptiform activity. Certain subtypes of clinical 
myoclonus, such as myoclonus status epilepticus within the 
first 24 hours after primary circulatory arrest in adults [74, 75] 
or synchronous, stereotyped status myoclonus, have been 
shown to carry poor prognosis [76]. However, even in these 
cases, outcome is not universally dismal. Recovery has been 
reported following both myoclonus and myoclonic seizures 
after CA, [77]. In a cohort of 401 adults after CA, 16% devel- 
oped early myoclonus. None of those with an EEG background 
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of burst suppression associated with myoclonic jerks or with 
subcortical myoclonus survived with a favorable outcome. On 
the other hand, half of patients with a continuous background 
and associated myoclonic jerks survived and all had a favorable 
outcome [78], suggesting it is not the myoclonus but 
the EEG pattern that is most important. Less is known regard- 
ing the prognostic significance of myoclonus following pedia- 
tric CA, making it all the more important to be cautious in 
assigning prognostic significance to the finding [75, 78, 79]. 


EEG Background 


Background Classification Using EEG 


EEG background patterns have been evaluated as potential 
predictors of neurological outcome in children post-CA. As 
early as the 1960s, Pampiglione described that patients with 
continuous EEG backgrounds and no epileptiform activity had 
a favorable outcome, while one patient with burst suppression 
and generalized periodic epileptiform discharges died [80]. 
Since then, multiple classification systems grouping EEG back- 
grounds into predictive categories have been developed to help 
physicians with prognostication [81-84]. Malignant back- 
ground as identified by American Clinical Neurophysiology 
Society (ACNS) EEG terminology has been shown to reliably 
predict poor outcome in adults after return to normothermia, 
whereas a benign EEG was highly predictive of good outcome 
[85]. Malignant EEG patterns associated with unfavorable 
neurological outcomes have included generalized epileptiform 
discharges [86], lack of reactivity [86, 87], severe attenuation 
[88], excessive discontinuity [86], and burst suppression [89]. 
More benign EEG patterns associated with more favorable 
neurological outcomes include EEG reactivity [90], normal 
sleep patterns [43, 90, 91], and rapid EEG improvement [92]. 
In 2006, the American Academy of Neurology (AAN) con- 
cluded that a flat background, burst suppression pattern, and 
generalized epileptiform discharges over a flat background 
were strongly associated with an unfavorable outcome in 
adults following CA [74]. 

Data in pediatric CA are consistent with adult findings. Good 
inter-rater agreement has been demonstrated in application of 
ACNS Standardized Critical Care EEG Terminology to EEG 
recorded in children following CA supporting use of this cate- 
gorization system [93]. In a small retrospective study of 34 
children post-CA, discontinuous and isoelectric EEG patterns 
had a positive predictive value of 90% for unfavorable neurolo- 
gical outcome, while the negative predictive value of a continuous 
normal voltage EEG for unfavorable neurological outcome was 
91% [81]. A recent study of 128 children after CA who were not 
treated with hypothermia had EEG backgrounds interpreted 
from reports within the first 24 hours following ROSC [17]. 
Background category was normal in four subjects (3%), slow- 
disorganized in 58 subjects (45%), discontinuous-burst suppres- 
sion in 24 subjects (19%), and attenuated-flat in 42 subjects 
(33%). Forty-six subjects (36%) had a reactive EEG. Absence of 
reactivity (p<0.001) and seizures (p=0.04) were associated with 
worse EEG background category. After controlling for covariates, 
for each incrementally worse background score the odds of death 
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were 3.63 (95% CI, 2.18-6.0; p<0.001) and the odds of unfavor- 
able neurological outcome were 4.38 (95% CI, 2.51-7.17; 
p=0.001). Another recent pediatric CA study evaluated 73 chil- 
dren who underwent cEEG monitoring and scored the EEG for 
background features and seizures at 1 and 24 hours after cEEG 
initiation, and cEEG monitoring end. Multivariate analysis 
revealed duration of CA cardiac arrest less than 20 minutes or 
cEEG background activity within 12 hours of ROSC was asso- 
ciated with favorable short-term neurological outcome [94]. A 
prospective study of 89 infants and children resuscitated follow- 
ing CA applied standardized EEG scoring to identify features that 
most accurately predicted short-term outcomes [95]. The most 
predictive model incorporated findings of background (normal, 
slow-disorganized, discontinuous or burst suppression, or atte- 
nuated-flat), presence of sleep transients, and reactivity/variabil- 
ity. The resulting model demonstrated specificity for unfavorable 
neurological outcome of 9596. These data suggest that, similar to 
neonatal studies, early EEG background features following pedia- 
tric CA may be able to stratify brain injury severity [17, 96]. 
Similarly, background continuity has been shown to be an impor- 
tant component of prognostication in adults after CA. In 60 
adults treated with TH and monitored with cEEG, continuous 
patterns (continuous, diffuse slow  electroencephalogram 
rhythms) were present in 4396 of patients with favorable outcome, 
whereas they were never seen in patients with unfavorable out- 
come. Moreover, isoelectric or low-voltage patterns 24 hours after 
ROSC predicted unfavorable outcome with a sensitivity of 4096, 
almost two times higher than the bilateral absence of somatosen- 
sory evoked potential responses [97]. 

Absence of EEG background reactivity to external stimuli 
may also predict unfavorable outcome, although this requires 
further validation [55]. EEG reactivity relies on the integrity of 
the ascending reticular activating system and is strongly asso- 
ciated with awakening [98]. Multiple studies have found that 
absence of EEG reactivity is associated with unfavorable out- 
come in patients treated with TH [54-56, 99]. Further pro- 
spective studies are warranted to increase the reliability of this 
finding. 

The interaction of background features and seizure activ- 
ity may impact prognosis. Although seizures may present late 
in some patients, the first 30-minute cEEG background inter- 
pretation appears to correlate with the later onset of seizures 
and can be of value in resource-limited settings. Seizures 
more often occur in patients with an EEG background that 
is excessively discontinuous, burst suppression, or attenuated 
[17, 22]. 

Limitations of cEEG monitoring for prognosis are incon- 
sistent between studies [83, 100] and lack of inter-rater agree- 
ment for EEG interpretation in critically ill adults, particularly 
in studies using nonstandard terminology [24, 101-105]. 
However, interpretation of cEEG background has high inter- 
rater reliability in children with hypoxic-ischemic encephalo- 
pathy [93, 101]. 

More recent work has examined the prognostic value of 
QEEG following pediatric CA. One small series of 30 children 
(median age 10 months) retrospectively examined aEEG mon- 
itoring after CA [106]. The authors reported that aEEG 


backgrounds that showed an inactive trace or burst suppres- 
sion have a specificity of 94% for poor neurological out- 
come. This was consistent with findings from a larger 
single-center study of 87 consecutive children with QEEG 
following CA [107]. In that study, eight QEEG features were 
analyzed in relation to outcome: spectral density of each 
channel; normalized band power in alpha, beta, theta, 
delta, and gamma wave frequencies; line length; and regu- 
larity function scores. A model composed of these features 
in combination had a sensitivity of 0.84 in predicting 
patients with favorable outcomes and a specificity of 0.75 
in predicting patients with unfavorable outcomes. Further 
study is needed to validate prognostic accuracy of QEEG 
following pediatric CA. 


Impact of Hypothermia and Sedating Medications on EEG 


The use of TH and sedating medications may impact 
accuracy of EEG for prognostication. The AAN recom- 
mendations from 2006 were defined prior to the high 
utilization of induced TH for the treatment of CA [74]. 
During deep hypothermic circulatory arrest, the EEG 
background becomes discontinuous and isoelectric [108, 
109]. These EEG changes have not been observed in 
adults and neonates treated with mild TH (33.5°C-36°C) 
[110, 111] Recent studies have also demonstrated that 
EEG patterns seen during mild TH have the same prog- 
nostic significance as those seen during normothermia 
[112]. A study of 35 children treated with TH and under- 
going cEEG monitoring found that patients with unreac- 
tive tracings, discontinuity, burst suppression, or lack of 
cerebral activity were more likely to have an unfavorable 
prognosis than those with a continuous and reactive EEG 
despite temperature [112]. 

It is important to recognize the potential impact of 
sedative medications that can alter EEG tracings [113]. 
Sedative medications are frequently administered post- 
CA, especially when TH is implemented to decrease meta- 
bolic demand, for patient comfort, and to prevent shiver- 
ing. TH can slow drug metabolism, particularly in 
patients with impaired hepatic and renal clearance due 
to hypoxic-ischemic organ injury, which may prolong the 
effects of sedatives [114-117]. Sedatives have been shown 
to impact prognostication of patients after CA treated 
with TH such that prognosis is overly pessimistic [118]. 
As a result, International Liaison Committee on 
Resuscitation (ILCOR) recommends that neuroprognosti- 
cation not occur until after 72 hours from ROSC in 
patients who are treated with TH, and even later in 
patients in whom assessment may have confounding 
with TH and sedation [119]. EEG interpretation for 
prognostication should be performed with caution, and 
sometimes postponed until benzodiazepines or barbitu- 
rates are no longer confounding the EEG data. 
Prospective studies are warranted to evaluate the direct 
impact of these medications on EEG interpretation and 
prognostication [74]. 
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Somatosensory Evoked Potentials 


Somatosensory evoked potentials (SSEPs) are a series of 
electrical potentials generated by electrical stimulation of 
a peripheral nerve to assess sensory pathways at periph- 
eral, spinal, subcortical, and cortical levels. Cortical 
SSEPs are elicited by repetitive stimulation of the median 
nerve and measure the integrity of the afferent sensory 
pathway over the primary somatosensory cortex. Accurate 
interpretation of cortical SSEPs requires the integrity of 
both the peripheral nerves and the cervical cord. 
Abnormal SSEPs are defined by the absence of an obligate 
waveform or by the prolongation of a component beyond 2.5 
or 3 SD of the normal range [120]. An absent negative 20 
(N20) response refers to a lack of response 20 milliseconds 
after stimulation of the median nerve at the level of the 
primary somatosensory cortex, which, if lost bilaterally, can 
indicate global loss of cortical function [120]. 

Somatosensory evoked potentials can be used as markers 
of neurological outcome in patients with hypoxic-ischemic 
encephalopathy [121-123]. Neuropathology reports of post- 
CA patients with absent bilateral cortical SSEPs show 
evidence of widespread ischemia and/or cortical necrosis 
[120, 124]. SSEPs have been of particular interest for prog- 
nostication because their reliability does not appear to be 
altered by sedatives, neuromuscular blockade, or mild 
hypothermia [120, 125]. 


Prognosis 


The absence of cortical SSEPs in adults post-CA has been 
associated with vegetative state [123] and brain death [120, 
121]. A systematic review suggested that absence of cortical 
SSEPs in patients with hypoxic-ischemic encephalopathy 
older than 10 years of age was the most useful tool to predict 
unfavorable neurological outcome with a specificity of nearly 
100% [126]. A prospective trial including 32 ICUs demon- 
strated that in 301 of 305 patients unconscious at 72 hours, 
45% had at least one recording showing bilateral absence of 
N20 and that all had a unfavorable outcomes (95% CI of false 
positive rate 0 to 3%) [127]. In 2006, the AAN published 
guidelines to assist bedside clinicians with neuroprognostica- 
tion following adult CA that stipulated that absent SSEPs at 
day 3 after CPR (category B) along with absent corneal 
reflexes, absent pupillary light response, absent motor 
response to pain, and serum neuron specific enolase cut- 
points could predict unfavorable neurological outcome [74]. 
Bilaterally absent N20 responses was identified as the most 
reliable single predictor of unfavorable outcome with a false 
positive rate of 0.7%. Conversely, the presence of cortical 
SSEPs alone could not reliably be used as a marker of pre- 
dicted favorable neurological outcome. The presence of 
SSEPs without other positive predictive markers conferred a 
sensitivity of only 46% at predicting favorable neurological 
outcome [74]. 

Despite absent SSEPs predicting unfavorable neurological 
outcome, reports of survivors have raised concerns regarding 
their reliability [120, 128-133]. Absent SSEPs with favorable 
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neurological outcome have mainly, but not exclusively, been 
described in children when SSEPs were performed in the first 
24-48 hours post-CA [120, 124, 134, 135]. Absence of SSEPs in 
CA-arrest patients should be used as one component of multi- 
modal prognostication approaches. 


Impact of Therapeutic Hypothermia 


The introduction of TH in the management of patients 
post-CA has changed the reliability of SSEP as a prognostic 
marker [74, 129]. A retrospective study of 112 comatose 
patients post-CA treated with TH found that 97% of 
patients with bilateral absent N20 SSEPs had an unfavor- 
able outcome, while 2 patients with absent or minimally 
detectable N20 SSEPs 3 days after CA eventually recovered 
consciousness [129]. Conversely, a prospective randomized 
controlled trial of 60 patients post-CA treated with TH 
who demonstrated absent N20 predicted unfavorable neu- 
rological outcome in 100% of both hypothermic and nor- 
mothermic patients [125]. Two recent meta-analyses found 
that the reliability of SSEPs was the same for patients 
treated with or without hypothermia, with similar false 
positive rates as those reported by the AAN in 2006 [74, 
136, 137]. Golan et al. suggested that the accuracy 
increased in patients treated with TH when measured 
beyond the first 72 hours after CA [137] while Sandroni 
et al. suggested that SSEPs were reliable even during TH 
[138]. Reliability of SSEPs performed in the first 24 hours 
post-CA and during hypothermia has been inconsistent 
[135, 139]. Measurements of SSEPs beyond the first 
24 hours post-CA and after rewarming appears safest to 
avoid false positives, especially in the context of TH [120, 
135, 137, 139]. 

Much like EEG, interpretation of SSEPs requires training 
and confirmation of inter-rater reliability for classification of 
cortical SSEP as bilaterally absent or present [140, 141]. 
Although SSEPs are likely the most reliable prognostic neuro- 
logical biomarker available to bedside clinicians, and the least 
likely to be altered by sedation or TH, experts advocate for a 
multimodal approach to neuroprognostication that should 
include, but not exclusively, SSEPs [119]. 


Near-Infrared Spectroscopy (NIRS) 


Near-infrared spectroscopy (NIRS) is a noninvasive, easily 
applicable cerebral monitoring tool that provides real-time 
continuous data on tissue oxygenation saturation. NIRS was 
first introduced in the 1970s [142] and has recently gained 
interest in intra- and post-CA neurological monitoring. 
NIRS light penetrates tissues, including bone, to a depth of 
a few centimeters [143]. By using different wavelengths, it 
measures the relative proportion of oxyhemoglobin and 
deoxyhemoglobin in the blood, both of which have different 
absorbance capacities, providing an estimate of oxygen 
saturation [144]. Because it does not require pulsatile flow, 
it is an attractive cerebral monitoring tool during CA [144]. 
In practice, a cerebral NIRS sensor is applied to the forehead 
and allows noninvasive continuous monitoring of the 
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regional oxygen saturation (rSO2) of the superficial cerebral 
cortex. Given that the majority of the blood volume in the 
brain is venous, it provides an estimate of venous oxygen 
saturation and brain oxygen extraction [144]. NIRS 
correlates well with cerebral venous saturation measured at 
the jugular bulb level [145-148] and with central venous 
saturation measured in the superior vena cava [147-150]. 


Intra-cardiac Arrest Monitoring 


Near-infrared spectroscopy monitoring during resuscita- 
tion is feasible and certain rSO, values are positively 
correlated with achieving ROSC [151-157]. Small studies 
have demonstrated that higher mean rSO, during CPR 
of patients in pulseless electrical activity (PEA) or 
asystole strongly correlated with ROSC (42.7410.7% vs. 
31.7412.8%, p«0.0001) [155, 158]. These differences were 
not found in patients with ventricular fibrillation (VF) / 
ventricular tachycardia (VT). More recently, in a large 
adult multicenter trial, rSO; values 265% during CA 
were 99% sensitive for ROSC [159]. Furthermore, Ito et 
al. found that higher rSO, values on hospital admission 
were associated with a better 90-day neurological outcome 
(mean [+SD] 55.6+20.8% vs. 19.7+11.0%, p«0.001) [160]. 

Higher rSO, likely correlate with higher coronary perfu- 
sion pressure [161], and coronary perfusion pressure corre- 
lates with cerebral perfusion pressure, both of which are 
associated with increased rates of ROSC [162]. Moreover, 
NIRS correlates with depth of chest compressions [163] and 
overall quality of CPR [152, 164-168]. Future studies of the 
role of NIRS for guided resuscitation during CPR are needed 
in both children and adults. 


Post-cardiac Arrest Monitoring 


Near-infrared spectroscopy has also been investigated as a 
potential prognostic tool for patients after ROSC. Recent 
studies have yielded conflicting results. Ahn et al. demon- 
strated that higher average rSO; values during the first 
24 hours post-adult CA were associated with increased 
survival but not after 24 hours post-CA [152]. Storm et al. 
measured rSO; on 60 adults following ROSC and demon- 
strated an rSO, threshold of 50% within the first 40 hours 
yielded 7096 specificity and 8696 sensitivity for unfavorable 
outcome [169]. Another study of adults post-CA patients 
treated with TH could not find a difference in rSO, values 
between survivors and non-survivors [170]. To date no 
pediatric CA NIRS trials have been published. 

Regional cerebral oxygen saturation is a complicated 
measurement impacted by multiple factors and should be 
interpreted with caution. Low rSO; values during or after 
CA can represent low cerebral blood flow and low cerebral 
oxygenation that may result from a no flow/low flow state 
or the post-cardiac arrest syndrome [13]. Cerebral hypo- 
perfusion can be caused by myocardial dysfunction[13], 
hyperthermia [171], and hyperventilation [172, 173]. Low 
NIRS values may be due to increased oxygen consumption 
due to seizures. 


Future Directions 


Multimodal cerebral monitoring following CA for both the 
titration of therapies and prognostication is a developing 
field. As mortality has decreased, the focus on minimizing 
morbidity has come to the forefront and a one-size-fits-all 
approach to assessment and treatments is quickly becoming 
antiquated. In the future, a combination of direct cerebral 
multimodal monitoring early after CA may allow clinicians 
to determine the severity of brain injury with the goal of 
allowing clinicians to determine the impact of their treatments 
in real time and carry out individualized management strate- 
gies [174, 175]. Also promising is early work showing early 
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EEG patterns that precede CA in neonates after cardiac repair 
surgery [176]; the use of EEG as a biomarker for impending CA 
warrants further exploration. 


Conclusion 


Brain injury is a leading cause of morbidity in CA survivors, yet 
physicians have limited information on the state of the brain 
for targeted neuroprotection and when assisting families with 
potential end-of-life decisions. Monitoring tools such as cEEG, 
QEEG, NIRS, and SSEPs may help with both management and 
prognostication by identifying seizures, encephalopathy sever- 
ity, hypoperfusion states, and brain function. 
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Pitfalls in aEEG Interpretation 
Diane Wilson 


Clinical Presentation 

An infant was born via normal spontaneous vaginal delivery at 
39 weeks’ gestation to a healthy primigravid woman following 
an uneventful pregnancy. Rupture of membranes occurred 
48 hours prior to delivery and antibiotics were started 
promptly. Group B Streptococcus status was unknown at the 
time of delivery. Following delivery, the infant was vigorous 
with good tone, a normal heart rate, and regular respiratory 
effort. Apgar scores were 8 at 1 minute and 8 at 5 minutes. The 
baby appeared well and went to stay in the mother’s room. At 
27 hours of age the baby had 3 episodes over a 10-minute 
period of right-sided arm and leg flexion and left-sided arm 
and leg extension. The infant was transferred to the NICU, 
where aEEG monitoring was commenced upon arrival. 


Discussion 

Infants who present with clinically suspected seizures are good 
candidates for aEEG monitoring, which can be applied 
promptly by bedside caregivers to help guide early interven- 
tion. When aEEG findings are inconsistent with the clinical 
findings, or the corresponding raw EEG does not demonstrate 
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a clear rhythmic pattern in the setting of suspected seizure, it 
is important for the bedside staff to use troubleshooting tech- 
niques to ensure good aEEG signal quality. In this case, the 
right-sided electrodes were placed too close together, causing 
artifact. Once the leads were replaced, the aEEG tracing 
became more reliable and revealed the infant’s electroclinical 
seizures. 


Key Neuromonitoring Findings 

Baseline elevations were noted on the right-sided aEEG tra- 
cing; however, the corresponding raw EEG did not show a 
rhythmic pattern, instead showing an inconclusive pattern 
(Figure C1.1). Because of this unusual pattern, the nurse 
checked the electrode placement and found that the electrodes 
were touching each other and did not appear to be placed 
symmetrically on the infant's head. Once the electrodes were 
repositioned, the right-sided aEEG tracing continued to 
demonstrate an elevation in the baseline and upper margin 
(Figure C1.2). This elevation was now clearly associated with a 
rhythmic pattern on the corresponding raw EEG, which 
evolved in frequency and amplitude during the course of the 
epoch, indicative of an electrographic seizure. This 
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Figure C1.1 Two-channel (C3-P3, C4-P4) aEEG tracing (upper panel) showing left-sided attenuation and intermittent right-sided baseline elevations at the time of 
the red cursor. The corresponding raw EEG tracing (lower panel) showed an attenuated tracing on the left and apparent artifact on the right. 
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Figure C1.2 Two-channel (C3-P3, C4-P4) aEEG tracing (upper panel) after electrode repositioning at the dashed green line, showing persistent elevation of the 
lower and upper aEEG margins on the right, correlating with a rhythmic, evolving pattern on the corresponding raw EEG tracing (lower panel), indicative of an 


electrographic seizure. 


electrographic seizure coincided with tonic extension of the 
left arm and leg. The infant received a loading dose of 
phenobarbital, after which the clinical and electrographic 
seizure stopped. A brain MRI subsequently showed a large 
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right-sided intraventricular hemorrhage. Following the 
MRI, the infant underwent conventional continuous EEG 
monitoring, which detected no further electrographic 
seizures. 
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Neonatal Hypoxic-Ischemic Encephalopathy 


Erin Fedak Romanowski and Renée A. Shellhaas 


Clinical Presentation 

A 3240 g boy was born at 41 and 2/7 weeks gestational age 
via emergency cesarean section due to uterine rupture. His 
Apgar scores were 0, 3, 4, and 7 at 1, 5, 10, and 20 
minutes, respectively. His arterial cord blood gas pH was 
6.87 with a base deficit of -17.5. He was transferred to 
a Level IV NICU where he underwent therapeutic 
hypothermia. Continuous video EEG monitoring was per- 
formed as per the NICU protocol (Figure C2.1). EEG 
demonstrated numerous seizures on the second day of 
life (Figure C2.2). These were subclinical and responded 
to phenobarbital. His interictal EEG was moderately abnor- 
mal because of excessive discontinuity and excessive nega- 
tive sharp waves. A brain MRI on day of life 7 was 
interpreted as normal. His examination improved signifi- 
cantly during his hospital course; at the time of discharge, 
his only abnormality on examination was somewhat 
increased tone in the lower extremities bilaterally. 
Phenobarbital was weaned during the third month of life. 
Developmental assessment at age 18 months was normal. 
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Discussion 

Since half of newborns with HIE who are treated with ther- 
apeutic hypothermia have EEG-confirmed seizures [1, 2], the 
American Clinical Neurophysiology Society Guideline recom- 
mends continuous video-EEG monitoring throughout cooling 
and rewarming [3]. The time to normalization of the EEG 
background has prognostic implications; neonates whose 
EEG backgrounds normalize within 48 hours after birth are 
the most likely to have favorable outcomes. 


Key Neuromonitoring Findings 

Hypoxic-ischemic encephalopathy is the most common cause of 
acute symptomatic neonatal seizures. As many as half of neonates 
treated with therapeutic hypothermia for HIE have EEG- 
confirmed seizures, as was the case for this patient. As with 
other neonatal seizures, seizures in neonates with HIE are usually 
subclinical. The interictal EEG for newborns with HIE who 
undergo therapeutic hypothermia is often suppressed and discon- 
tinuous on the first and second day of life, but this improves over 
the third and fourth days of life (Figures C2.1-C2.3). 


EIGSENESESSETEERIIT 
Pee Bg ea yy 


Figure C2.1 Day of life 1. Low-voltage, discontinuous EEG background with excessive negative sharp waves (especially at Cz) and a paucity of normal 


graphoelements. 
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Perinatal Stroke 


Elena Pavlidis, Andreea Pavel, and Geraldine B. Boylan 


Clinical Presentation 

A female infant was born to a 37-year-old G3P2 at term (40+5 
weeks) by ventouse (vacuum) delivery in a local hospital. 
Apgar scores were 8 and 10 at 1st and 5th minute, respectively. 
Family and maternal histories were negative. A history of 
reduced fetal movements was reported at 28 and 36+6 weeks 
of gestation. At 44 hours after birth, rhythmic movements of 
the baby’s right upper and lower limbs were noticed. She was 
transferred to the NICU and treated with two loading doses of 
phenobarbital (20 + 10 mg/kg). Due to the persistence of 
unilateral clonic movements, a loading dose of phenytoin 
(18 mg/kg) was subsequently administered. Electrolytes and 
glucose were normal. A full septic screen was performed and 
therapy with antibiotics and antivirals were started. Cerebral 
ultrasound scan was unremarkable. The infant was then trans- 
ferred to a tertiary level NICU for continuous EEG monitoring 
at 53 hours of age. On admission, she was stable; clonic move- 
ments had not recurred. Neurological examination showed 
axial hypotonia and hyporeflexia. Antibiotic and antiviral 
treatments were continued until the septic screen results were 
reported as negative. Continuous video EEG monitoring 
showed preserved sleep-wake cycling with background activity 
characterized by focal interictal epileptiform discharges over 
the left centro-temporal regions (Figure C3.1). Four hours 
after the EEG started (at 58.5 hours of age), she experienced 
a 10-minute focal electrographic-only seizure over the left 
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central region (Figure C3.2). Phenobarbital was continued. 
Brain MRI showed an extensive ischemic stroke involving the 
left hemisphere (Figure C3.3). 


Discussion 

The incidence of perinatal ischemic stroke is 1/2800 - 1/5000 
live births [1]. It is usually underestimated because in infants 
it is often asymptomatic. In infants showing clinical 
manifestations, as in this case, focal recurrent clonic and/or 
tonic seizures presenting mainly within the first 3 days of 
life are the most common sign [1, 2]. As in the present 
case, the majority of strokes occur unilaterally, usually invol- 
ving the left hemisphere and the middle cerebral artery 
territory [2]. 


Key Neuromonitoring Findings 

In perinatal arterial ischemic stroke, the EEG often shows 
diffuse excessive background discontinuity, but with larger 
strokes, EEG may show an asymmetry of the background 
activity with suppression over the infarcted side. Unilateral 
bursts of theta activity with sharp waves or spikes intermixed 
and focal sharp waves can also be present over the infarcted 
region [3, 4] Sleep-wake cycling is generally present, but may 
be disturbed over the infarcted side [4] Focal seizures with 
sharp waves, spikes or polyspikes are common over the central 
region [4]. 


stroke. Dev Med Child Neurol. 2011 


l. 


Chabrier S, Husson B, Dinomais M, 
Landrieu P, Nguyen TheTich S. 

New insights (and new interrogations) 
in perinatal arterial ischemic 

stroke. Thromb Res. 2011;127 
(1):13-22. 


Predictors of outcome in perinatal 
arterial stroke: a population-based study. 
Ann Neurol. 2005 Aug;58(2):303-8. 


Walsh BH, Low E, Bogue CO, 
Murray DM, Boylan GB. Early continuous 
video electroencephalography in neonatal 


https://doi.org/10.1017/9781316536001.018 Published online by Cambridge University Press 


Jan;53(1):89-92. 


Low E, Mathieson SR, Stevenson NJ, 
et al. Early postnatal EEG features of 
perinatal arterial ischaemic stroke with 
seizures. PLoS ONE. 2014 Jul 22;9(7): 
e100973. 


211 


212 


Elena Pavlidi 


s, Andreea Pavel, and Geraldine B. Boylan 


A 
m 


a LU 
va: 
w 
=“ L) 
face 
ES r 
v s 
ato , 
no 
t 
lem | 
uo | 
DEI 
uo» 
na AY 
| I 
coe | 
nm c 
now —á 
LI 
cu | 
| 
ME 
(cos ecas 
ont 95 
Ls] 122 
*b rs 
ww LJ 
"| 
ato s 
taca 
a r 
y E 
” 
aw ns 
nao 
ow 


PEPEGEEEE TEETER 


116 


Figure C3.1 Foca 
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| sharp waves and spikes over the left centro-temporal regions during both (a) active sleep and (b) quiet sleep, during which there is excessive 
inuity for conceptional age (inter-burst interval amplitude <25 uV). The corresponding time-point on the aEEG is indicated with a red line. 


Sensitivity: 70 uV/cm; high-frequency filter: 70 Hz; low-frequency filter: 0.5 Hz; time base: 30 mm/sec.) 
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Figure C3.2 Ten-minute seizure, characterized by rhythmic sharply contoured delta activity intermixed with sharp waves and spikes localized over the left central 
region. The corresponding time-point on the aEEG is indicated with a red line, demonstrating elevation in the lower margin indicative of a seizure. (Sensitivity: 70 uV/ 


cm; high-frequency filter: 70 Hz; low-frequency filter: 0.5 Hz; time base: 15 mm/sec.) 


Figure C3.3 Axial diffusion weighted brain MRI 
images showing an extensive acute infarction in the 
posterior left middle cerebral artery territory. 
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Neonatal Intracranial Hemorrhage 


Erin Fedak Romanowski and Renée A. Shellhaas 


Clinical Presentation 

A 2535 g infant girl was born at 36 weeks gestational age 
via repeat cesarean section due to oligohydramnios, dis- 
covered at 35 weeks’ gestation. Her Apgar scores were 8 
and 9 at 1 and 5 minutes, respectively. She required 
continuous positive airway pressure (CPAP) at 8 minutes 
of life for grunting and retractions. She required intuba- 
tion within 2 hours of life, received surfactant due to 
increasing oxygen demands, and was later transitioned 
to high-frequency oscillatory ventilation. Due to further 
decompensation, she required transfer to a Level IV 
NICU for extracorporeal membrane oxygenation 
(ECMO). A cranial ultrasound on day of life 2 revealed 
increased periventricular white matter echotexture with 
associated poor cortical and subcortical differentiation. 
A repeat head ultrasound on day of life 8 revealed 
a new large left frontal and parietal extra-axial hemor- 
rhage and left parietal intraparenchymal hemorrhage with 
resultant mass effect and collapse of the left lateral ven- 
tricle, confirmed on MRI (Figure C4.1). Continuous video 
EEG monitoring was performed on day of life 9 due to 
the known risk of seizures associated with intracranial 
hemorrhage; EEG revealed subclinical status epilepticus, 
which resolved after treatment with phenobarbital (Figure 
C4.2). Her interictal EEG was moderately abnormal due 
to excessive background discontinuity, excessive multifo- 
cal negative sharp waves, occasional brief rhythmic dis- 
charges, and positive sharp waves over the right temporal 
region (Figure C4.3). She ultimately developed chronic, 
large, left greater than right, subdural fluid collections 
requiring left subdural-peritoneal shunt placement. She 


A. Coronal plane: T2 TSE 
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remained on phenobarbital upon hospital discharge with 
no clinically apparent seizures. 


Discussion 

The American Clinical Neurophysiology Society guideline 
recommends consideration of continuous video EEG 
monitoring for neonates who have known or suspected 
acute brain injury accompanied by encephalopathy, since 
they are at high risk for seizures and most such seizures 
are subclinical (e.g., can only be detected with EEG mon- 
itoring). Clinical settings in which acute brain injury and 
associated symptomatic seizures are likely include intra- 
cranial, subarachnoid, subdural, or intraventricular 
hemorrhage. Other high-risk scenarios that should trigger 
consideration of EEG monitoring include hypoxic- 
ischemic encephalopathy, inborn errors of metabolism, 
CNS infection, trauma, arterial ischemic or venous 
strokes, premature infants with additional risk factors, 
clinically suspected seizures, or clinically suspected neo- 
natal epilepsy syndromes [1]. 


Key Neuromonitoring Findings 

Intracranial hemorrhage is one of the most common etiologies 
of neonatal seizures after hypoxic-ischemic encephalopathy 
and ischemic stroke [2]. As with seizures of any etiology, new- 
borns with intracranial hemorrhage are at risk for both clinical 
and subclinical seizures. The interictal EEG in neonates with 
intracranial hemorrhage may reveal focal slowing or attenua- 
tion over the area of bleed, as well as focal or multifocal 
negative sharp waves. Positive sharp waves, indicating under- 
lying white matter injury, may also be seen. 


Figure C4.1 MRI brain acquired on day of life 8 for 
a 36-weeks gestational age infant in coronal (panel 
A), and sagittal (panel B) planes revealed a large 
intraparenchymal hemorrhage in the left parietal 
lobe, and a large subdural hematoma over the left 
cerebral convexity causing mass effect on the left 
frontal, parietal, and occipital lobes. There is 
a smaller right subdural hematoma overlying the 
right cerebral convexity. There is 6 mm of rightward 
sub-falcine herniation and left uncal herniation. The 
left lateral ventricle temporal horn is dilated 
suggestive of entrapment. 
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Neonatal Birth Trauma 
Diane Wilson and Cecil D. Hahn 


Clinical Presentation 

An infant was born by emergency caesarean section follow- 
ing prolapse of the umbilical cord. The mother was a 
healthy primigravid woman who had an uneventful preg- 
nancy. She presented to hospital at 37 weeks’ gestation with 
ruptured membranes. A cord prolapse was noted 9 hours 
after membranes ruptured and emergency cesarean section 
was commenced. There was difficulty extracting the baby as 
the head was well engaged; significant force was used. The 
baby was unresponsive at delivery with no respiratory effort 
or heart rate. The heart rate improved following 15 seconds 
of positive pressure ventilation and no cardiopulmonary 
resuscitation was needed. Apgar scores were 2 at one, 3 at 
five, and 4 at ten minutes. The baby required intubation and 
the first gasp was noted at 18 minutes of age. At 30 minutes 
of age the baby continued to have a decreased level of 
consciousness, was hypotonic, and had depressed primitive 
reflexes. There was a compound fracture of the left femur. 
Therapeutic hypothermia was administered for a total of 72 
hours post-admission to NICU. At 9 hours of age there was 
onset of rhythmic leg jerking correlating with a rhythmic 
pattern on amplitude-integrated EEG (aEEG). Continuous 
EEG monitoring was started, and the baby was treated with 
lorazepam followed by phenobarbital for then ongoing sub- 
clinical seizures until approximately 20 hours of age. The 
initial head ultrasound revealed cerebral edema and a par- 
enchymal hematoma with subarachnoid hemorrhage and 
occipital extracranial collection. A skull radiograph showed 
a right parietal skull fracture. There was evidence of multi- 
organ dysfunction. Dobutamine was required for 24 hours. 
MRI performed following rewarming on day of life 5 
demonstrated a right epidural frontoparietal epidural hema- 
toma with mass effect on the adjacent right parietal lobe 
and overlying extracranial scalp hematoma (Figure C5.1). In 
addition, there was subarachnoid hemorrhage bilaterally in 
the frontal and occipital regions and diffusion restriction in 
the right peritrigonal region and the right temporal lobe 
(not shown). The patient recovered well and was discharged 
home on day of life 9. At 14 months of age the patient was 
making steady developmental progress. On the Alberta 
Infant Motor Scale, his skills were age appropriate. Socio- 
adaptive behavior and language were also screened with no 
concerns noted. There was significant plagiocephaly; a refer- 
ral was made to the helmet clinic. 


Discussion 

Emergent delivery following a perinatal sentinel event, such as 
umbilical cord prolapse, can precede significant hypoxic- 
ischemic encephalopathy. In this case, there was a confounding 
factor of birth trauma. Patients with Sarnat stages II-III ence- 
phalopathy from an acute perinatal event often develop sei- 
zures within 12 hours following delivery. Seizures may be 
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difficult to control. Furthermore, electroclinical uncoupling 
may occur following treatment with anti-seizure medications, 
as in this case. Therapeutic hypothermia is standard treatment 
in these cases to reduce metabolic demands and suppress 
excitatory neuronal activity. Seizures are usually controlled 
within 36 hours, but in some cases, rewarming has been asso- 
ciated with recurrence of seizures. To screen for these so-called 
“rebound seizures,” some guidelines recommend continuation 
of cEEG monitoring until 12 hours after rewarming has been 
completed. 


Key Neuromonitoring Findings 

Neuroimaging findings of the skull fracture and significant 
intra- and extra-axial hematoma confirmed significant 
birth trauma; areas of diffusion restriction likely repre- 
sented hypoxic-ischemic injury. Initial focal clonic seizures 
correlated with a pattern suspicious for seizures on aEEG 
(not shown), but by the time cEEG monitoring was com- 
menced the neonate had received lorazepam and his sub- 
sequent seizures were all subclinical. The cEEG tracing 
initially showed excessive background discontinuity with 
an inter-burst interval of up to 22 seconds. Subclinical 
seizures arose from the vertex (Figure C5.2) and indepen- 
dently from the right temporal head region (Figure C5.3). 


Figure C5.1 Coronal T2 brain MRI demonstrating a focal hematoma in the 
right parietal region with an intracranial extra-axial, likely epidural, component 
with overlying extracranial component. The intracranial extra-axial component 
has some mass effect on the adjacent right parietal lobe. 
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Figure C5.2 Consecutive pages (a & b) of a cEEG recording (neonatal longitudinal bipolar and coronal montages) demonstrating a 1-minute subclinical seizure 
highlighted in red arising from the vertex at Cz characterized by rhythmic sharp waves at 2 Hertz that evolved in frequency, amplitude, and morphology. 


potentials arising from the midline. By 36 hours of age 
the spikes noted at Cz did not evolve in frequency or 


amplitude and remained localized. 


By 24 hours of age the pattern had evolved to discontin- 


uous background with centrotemporal sharp waves sugges- 


tive of global cerebral dysfunction with epileptogenic 
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Figure C5.3 cEEG recording (neonatal longitudinal bipolar and coronal montages) demonstrating a subsequen 
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subclinical seizure highlighted in red arising from 


the right temporal head region at T4 characterized by rhythmic sharp waves at 1 Hertz that evolved in frequency, amplitude, and morphology. Note the positive 
phase reversal of the sharp waves, which is characteristic of some neonatal seizures. 
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Neonatal Intraventricular Hemorrhage 


Courtney J. Wusthoff 


Clinical Presentation 

A neonate was born at 26 weeks and 5 days gestation via 
emergency caesarian section due to placental abruption. 
Resuscitation at delivery included 10 minutes of chest com- 
pressions. After transfer to a tertiary NICU, admission head 
ultrasound was normal. On day 3, the patient developed 
a worsening acidosis; head ultrasound showed bilateral 
grade 4 intraventricular hemorrhages (IVH), left worse 
than right. Discovery of grade 4 IVH prompted amplitude- 
integrated EEG (aEEG) application by the NICU team; at 
bedside this identified recurrent episodes of abrupt eleva- 
tion in the activity band with patterns suspicious for seizure 
on the corresponding EEG. Continuous EEG (cEEG) mon- 
itoring was initiated, which confirmed the diagnosis of sei- 
zures, all of which were subclinical. Phenobarbital 


administration resulted in seizure cessation, with cEEG con- 
firming seizure freedom for >48 hours before the recording 
was stopped. Ventricle size was monitored by serial head 
ultrasounds; no surgical intervention was required. 

One month later, while still in the NICU, the patient suffered 
necrotizing enterocolitis. The bedside nurse noticed episodes of 
“increased jitteriness" with mouth opening and closing, 


prompting repeat cEEG monitoring. This demonstrated 
a return of both electroclinical and electrographic-only seizures. 
Seizures continued despite increased phenobarbital, and also 
fosphenytoin and levetiracetam. Midazolam infusion was 
initiated, which controlled seizures. Concurrently, necrotizing 
enterocolitis was first managed medically, but ultimately surgi- 
cal bowel resection was required. After returning from surgery, 
the patient had no further seizures, and midazolam was 
decreased. Phenytoin was discontinued shortly thereafter. The 
baby was ultimately discharged to home 4 months later, still on 
levetiracetam and phenobarbital. Her follow-up plan included 
ongoing monitoring of ventricle size by neurosurgery, care with 
neurology for further reduction of seizure medications and 
management of emerging axial hypotonia with appendicular 
spasticity, and with high-risk infant developmental follow-up 
(see Figures C6.1-C6.6). 


Discussion 

Lloyd and colleagues (2017)! conducted a prospective 
study using cEEG to monitor preterm neonates born 
«32 weeks; they found seizures in approximately 596 of 
babies. Intraventricular hemorrhage has long been recog- 
nized to increase the risk for seizures in preterm 


Figure C6.1 aEEG display during screening prior to start of cEEG on day of life 4. The activity band (top panel) is typical of an extremely preterm neonate, with very 
low amplitudes (lower margin «5 uV) alternating with frequent bursts of much higher amplitude activity (upper margin >50 uV). There are at least two areas in the 
activity band where the lower margin abruptly increased, suspicious for seizure. The vertical cursor indicates the segment selected for source EEG review in the 
bottom panel. On EEG, a rhythmic, repetitive pattern of discharges is seen, suspicious for seizure. 
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Figure C6.2 Initial EEG background demonstrates the marked discontinuity that is typical of neonates «28 weeks conceptional age. Activity is suppressed with 
amplitudes «25 uV for several seconds in the inter-burst interval, with activity brief and of much higher amplitude during active bursts lasting only a few seconds. 
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Figure C6.3 Electrographic, subclinical seizures were captured within the first hours of cEEG recording on day of life 4. Here, there is diffuse onset of seizure in 
he second half of the screen, with slowly repetitive discharges initially of approximately 0.5/second evolving in frequency. (Sens 7 uV, Tc 0.1, HF 70 Hz, 30 s/page) 
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Figure C6.4 One month later, at conceptional age 31 weeks, cEEG shows a more continuous background with sustained faster frequency activity. Note subtle 
respiratory artifact at O2, corresponding to the respiratory channel (RESP). (Sens 7 uV, Tc 0.1, HF 70 Hz, 20 s/page.) 
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Figure C6.5 During the period of worsened illness with necrotizing enterocolitis, EEG captured recurrent focal seizures at C3/Cz, as shown here. (Sens 10 UV, Tc 0.1, 
HF 70 Hz, 20 s/page.) 


neonates, though there is no consensus whether all pre- is preferred. Preterm neonates commonly have rhythmic 
term neonates with high-grade IVH should undergo EEG patterns on EEG that are not clearly ictal, making seizure 
screening for seizures. While aEEG may be used as diagnosis with a limited channel recording particularly 
a screening tool, cEEG confirmation of suspected seizures ^ challenging. 
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Key Neuromonitoring Findings 

Among preterm newborns, IVH is the most common risk 
factor for seizure. Because IVH most commonly occurs in 
the first 7 days after birth, the window of greatest risk for 
seizure extends across this period. For this patient, while 
there were no clinical events suspicious for seizure, the 
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Neonatal Intraventricular Hemorrhage 


Figure C6.6 Head ultrasound from day 4 (coronal view) showing bilateral 
intraventricular hemorrhage. 


new, large, bilateral IVH prompted the use of aEEG to 
screen for seizures. cEEG monitoring confirmed seizures. 
Similarly, later in the patient's course, she suffered overall 
decompensation due to necrotizing enterocolitis. At that 
time, there was a return of seizures, now manifesting with 
clinical signs. 


Weeke LC, van Ooijen IM, 
Groenendaal F, et al. Rhythmic EEG 
patterns in extremely preterm infants: 
classification and association with brain 
injury and outcome. Clin Neurophysiol. 
2017 Dec;128(12):2428-35. PMID: 
29096216; PMCID: PMC5700118. 
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Neonatal Hypoglycemia 


Elana F. Pinchefsky and Emily W. Y. Tam 


Clinical Presentation 

A full-term baby girl was noted at 60 hours of life to have 
lethargy, poor feeding, and shaking movements of her arms. 
The pregnancy and delivery were unremarkable. Birth weight 
was 2665 grams (below the 10th percentile). Her parents 
brought her to the emergency department where she was 
found to be mottled, hypotonic, and hypothermic (tempera- 
ture 32.1°C). Blood glucose was 0.7 mmol/L (12.6 mg/dL). 
Blood glucose slowly normalized after two intravenous boluses 
of normal saline and two intravenous boluses of dextrose. A 
full septic workup including lumbar puncture was completed. 
She was started on ampicillin, cefotaxime, and acyclovir. On 
admission to the neonatal intensive care unit, significant find- 
ings on examination were a sunken anterior fontanelle and 
lethargy. Shortly after admission, the nurse noted a one-min- 
ute episode of jerking of the left arm and leg. A glucometer 
check immediately afterward showed a glucose of 6.5 mmol/L 
(117 mg/dL). A loading dose of phenobarbital was given and 
cEEG monitoring was started. Within an hour of commencing 
the cEEG, there was a short subclinical seizure from the right 
occipital region. An additional loading dose of phenobarbital 
was given. She continued to have multiple electrographic sei- 
zures, and subsequently a midazolam infusion was required in 
order to achieve seizure control. Brain MRI on the fifth day of 


life revealed cortical and subcortical diffusion restriction in the 
bilateral parieto-occipital regions (more prominent on the 
right), and associated axonal swelling in the posterior corpus 
callosum. Blood and cerebrospinal fluid (CSF) bacterial cul- 
tures and herpes simplex virus (HSV) polymerase chain reac- 
tion (PCR) test were negative. The endocrine workup 
(including cortisol level) and newborn screen were normal. 
She was discharged home on a maintenance dose of pheno- 
barbital. A follow-up EEG performed at 4 months of age was 
normal and phenobarbital was discontinued. There were no 
developmental concerns at her clinical follow-up at 12 months 
of age (Figures C7.1-C7.4). 


Discussion 

Neonatal hypoglycemia leads to a highly specific pattern of 
posterior white matter and pulvinar edema on early brain 
MRI. Consequently, neonatal hypoglycemia can result in 
cortical blindness, epilepsy, cerebral palsy, and cognitive 
impairment. Seizures are a common presenting symptom 
in neonates with profound hypoglycemia; however, the 
acute effects of blood glucose disturbances on the EEG 
remain poorly understood. In preterm and term newborns 
at risk for hypoglycemia, mild neonatal hypoglycemia has 
been shown to have no effect on amplitude-integrated EEG 
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Figure C7.1 Example of a right occipital electrographic seizure maximal at O2, lasting 25 seconds. 
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Figure C7.2 Electrographic seizures 
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Brain MRI on the fifth day of life demonstrating bilateral cortical and subcortical diffusion restriction in the parieto-occipital regions including the (a) 


axial diffusion weighted image (DWI), and the corresponding (b) apparent diffusion coefficient (ADC) map. 


reported. There has not been a clear relationship identified 
between seizure outcome and the severity, duration, or 
cause of neonatal hypoglycemia. 


Key Neuromonitoring Findings 

The EEG background showed excessive discontinuity with 
inter-burst intervals lasting up to 13 seconds and an inter- 
burst interval amplitude «25 uV. Frequent sharp waves 


were seen independently over the bilateral central and 
temporal head regions. There was frequent semi-rhyth- 
mic, non-evolving irregular delta activity noted over the 
right occipital head region. Multiple electrographic sei- 
zures were recorded, mainly arising from the right occi- 
pital head region, as well as several over the midline 
central head region. The background discontinuity 
improved over the 4 days of recording. 
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Acute Bilirubin Encephalopathy 


Shavonne L. Massey and Courtney J. Wusthoff 


Clinical Presentation 

A 2700 g boy was born to a 26-year-old primigravid 
mother. An uneventful labor was followed by normal spon- 
taneous vaginal delivery, with Apgar scores of 8 and 9. The 
baby was discharged home with his family on the day after 
birth with a plan for routine follow-up. On day 5, the 
patient was sent to the emergency room by his pediatrician 
for lethargy and poor feeding. He had presented for his 
well-baby check-up that morning, with parents reporting 
that despite attempts to breastfeed, the baby seemed too 
sleepy to feed over the prior day. The baby was visibly 
jaundiced and sent immediately for admission. A serum 
total bilirubin level in the emergency room was 34 mg/dL. 
The patient was admitted to the NICU for phototherapy 
and exchange transfusion. 

Upon arrival in the NICU, the patient was noted to be 
lethargic, with a high-pitched cry only with stimulation. He 
was hypertonic with stiff, arched posturing. Exchange trans- 
fusion was initiated. Peripheral blood smear showed hemo- 
lytic anemia with a negative direct antiglobulin test. 
Subsequent quantitative testing showed abnormal glucose- 
6-phosphtate dehydrogenase activity, confirming G6PD defi- 
ciency. Given ongoing encephalopathy, cEEG monitoring 
was initiated. EEG showed frequent multifocal spikes with 
excessive background discontinuity. Posturing and arching 
episodes had no ictal correlate on EEG. Approximately 
12 hours into the recording, subclinical seizures were cap- 
tured. These responded to a phenobarbital loading dose of 
20 mg/kg. Maintenance dosing was continued for an addi- 
tional week, then discontinued. MRI demonstrated charac- 
teristic abnormal signal in the basal ganglia (Figure C8.1). 
Over the following week, the patient became less lethargic 
and by the time of hospital discharge was bottle feeding well. 
A hearing screen was abnormal; audiology follow-up for 
further evaluation was arranged. At hospital discharge, 
there remained a jerky quality to the baby’s general move- 
ments; follow-up with neurology was scheduled for age 4 
weeks. 


Discussion 

Acute bilirubin encephalopathy reflects abnormal brain 
function in a newborn with severe hyperbilirubinemia. The 
long-term sequelae of acute bilirubin encephalopathy are 
often termed kernicterus, and can include epilepsy, hearing 
impairment, visual impairment, and athetoid cerebral palsy. 
Acute bilirubin encephalopathy is rare in high-resource set- 
tings, but does occur. Among term and near-term infants, 
the underlying cause is often hemolysis, sepsis, and/or dehy- 
dration. G6PD deficiency is a common cause of severe 
hyperbilirubinemia which develops 3-5 days after birth. In 
moderate acute bilirubin encephalopathy, lethargy and 
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Figure C8.1 MRI (axial T1) demonstrates abnormal signal in the globus 
pallidus bilaterally. 


opisthotonos with  retrocollis may be observed. 
Distinguishing these abnormal movements from seizures is 
necessary to select appropriate treatment. Similarly, twitching, 
jerky movements are common but do not always represent 
seizures. cEEG is useful for acute management to distinguish 
these seizure mimics while also identifying subtle or subcli- 
nical seizures. 


Key Neuromonitoring Findings 

In this case, the initial EEG background confirmed acute ence- 
phalopathy, manifesting as an excessively discontinuous back- 
ground activity (Figure C8.2). An increased risk of seizures was 
indicated by the presence of frequent sharp waves occurring in 
runs (Figure C8.3). While for this neonate abnormal posturing 
was not associated with seizures on EEG, there were separate 
subclinical seizures, arising in the left temporal region (Figure 
C8.4). 
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Figure C8.2 Initial EEG background was excessively discontinuous, with inter-burst intervals greater than 8 seconds separating active segments lasting a few 
seconds each. 
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Figure C8.3 EEG background in the first hours of recording showed frequent negative sharp waves, clustered in runs independently in the left and right temporal 
regions, indicating an increased risk for seizures. 
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Acute Bilirubin Encephalopathy 


Figure C8.4 Subclinical seizures arose from the left temporal region, with slow evolution of rhythmic sharp waves without any associated clinical change. 
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KCNQ2-Related Seizures 
Courtney J. Wusthoff 


Clinical Presentation 
A term-born infant with normal spontaneous delivery follow- 
ing uncomplicated pregnancy presents to the local ER on day 
of life 4. He had been home for two days. After an initial period 
of good feeding and alertness, on the day of admission he had 
two episodes of jerking and trembling movements lasting 
about one minute each, followed by “sleepiness.” In the ER, 
three additional episodes were observed, prompting adminis- 
tration of phenobarbital 20 mg/kg and admission to the NICU. 
On arrival in the NICU, the patient was drowsy but arousable. 
There were no focal abnormalities on neuro exam. Glucose 
and electrolytes were normal. Continuous EEG monitoring 
was initiated. Initial EEG background showed only mild dis- 
continuity, which improved over time. While there were no 
further clinical episodes in the night of admission, after 
approximately 20 hours of monitoring the patient had 
a confirmed electroclinical seizure, characterized by tonic stif- 
fening of both arms followed by clonic jerks. Four such sei- 
zures were confirmed on EEG over the course of the day, 
prompting administration of additional phenobarbital, levetir- 
acetam, and phenytoin. This resulted in a decrease in seizure 
duration and frequency, but not complete seizure resolution. 
Head ultrasound and brain MRI were normal. 

On hospital day 5, at age 9 days, the patient’s father pro- 
vided additional history that he had seizures as an infant 
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himself - he only learned of this from his family when discuss- 
ing the patient's admission. Genetic testing for neonatal onset 
epilepsy was sent. The patient was transitioned to oral oxcar- 
bazepine. Additional events of various clinical movements 
were identified by parents as possible seizures - these were 
shown on EEG to be non-epileptic. Review of video with 
parents helped in distinguishing features of electroclinical sei- 
zures from other movements. After an additional 5 days, the 
patient had seizures controlled for at least 3 days, and showed 
improved alertness with ability to take oral feeds. He was 
discharged to outpatient care. Three weeks after hospital dis- 
charge, genetic results returned showing a pathogenic muta- 
tion in KCNQ2. He continued on oral oxcarbazepine for 12 
months, during which time he had occasional breakthrough 
seizures, but ultimately remission of epilepsy, and normal 
development at last follow-up at age 4 years. 


Discussion 

KCNQ2 mutations are the most common genetic cause of 
neonatal seizures. The gene KCNQ2 encodes a voltage-gated 
potassium channel expressed in neurons. This gene is highly 
expressed in fetal and newborn brain, then less so later in life. 
A spectrum of phenotypes has been described in association 
with KCNQ2 mutations. Some patients have a clinical syndrome 
characterized as benign familial neonatal epilepsy, further char- 
acterized by a relatively normal interictal EEG but frequent 
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Figure C9.1 Initial awake EEG on admission was continuous and of normal voltage. It was remarkable only for excess Cz sharp waves. (Sens 10 uV, Tc 0.1s, HF 70 Hz, 


20s per page.) 
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Figure C9.2 The patient's electroclinical seizures were highly stereotyped. These began with EEG attenuation corresponding to tonic stiffening, followed by 
evolution of high-amplitude central sharp waves and rapid spread across both hemispheres, accompanied by clinical clonic jerks of the extremities. (Sens 10 uV, Tc 
0.1s, HF 70 Hz, 20s per page.) 
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Figure C9.3 EEG segment during a subsequent push button patient event for lip smacking and body movement. There is no corresponding change in the EEG; this 
event was not seizure. (Sens 10 uV, Tc 0.1s, HF 70 Hz, 20s per page.) 
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electroclinical seizures beginning in the first few days of birth. 
Other patients are more severely affected, with neonatal onset 
epileptic encephalopathy and frequent refractory seizures. EEG 
monitoring is helpful to distinguish epileptic encephalopathy 
from isolated seizures, and to guide seizure treatment. 


Key Neuromonitoring Findings 

Patients with benign familial neonatal epilepsy due to 
KCNQ2 mutations characteristically have frequent seizures 
with normal EEG background in the interictal period. In this 
patient, initial mild discontinuity likely reflected effects of 
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phenobarbital administration. Early EEG was continuous, 
though with excess focal sharp waves (Figure C9.1). Clinical 
seizures were highly stereotyped, with corresponding EEG 
signature (Figure C9.2). Video EEG was additionally helpful 
in this case for clarifying which events were not seizures 
(Figure C9.3). After the initial diagnosis of seizures, raising 
caregiver concern, a number of push button events for var- 
ious movements followed. These were proven not to be 
seizure on EEG; review of the corresponding video with 
parents was helpful in reassuring them of features they 
could use to identify their baby’s electroclinical seizures. 
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Tuberous Sclerosis 


Jonathan D. Santoro and Courtney J. Wusthoff 


Clinical Presentation 

A term born infant with cardiac rhabdomyoma and asymmetric 
intrauterine growth restriction (IUGR) diagnosed on 35 week 
prenatal ultrasound was admitted to the NICU to evaluate signs 
concerning for tuberous sclerosis (TS). The patient had normal 
admission neurological and dermatological examinations. 
There were no clinical events concerning for seizures. 
A continuous EEG was performed on day of life five as 
a baseline to assess for epileptiform activity. EEG demonstrated 
several subclinical seizures arising from the right central region; 
none had visible correlate on accompanying video. The patient 
was treated with phenobarbital, which resulted in seizure cessa- 
tion. MRI of the brain demonstrated numerous bilateral corti- 
cal, subcortical, and subependymal foci of abnormal signal, 
consistent with tubers. The infant was discharged home follow- 
ing cardiac and genetic evaluations in the NICU, with plans in 
place for outpatient follow-up. The patient was found to have 
a mosaic deletion in the TSC2 gene (Figures C10.1-C10.4). 


Discussion 

Cardiac rhabdomyoma is a common first presenting sign of 
tuberous sclerosis (TS); it is the most common feature prompt- 
ing diagnosis in newborns. The majority of children with TS 


have some degree of cortical dysplasia; most will develop epi- 
lepsy at some point in their lives. However, clinical seizures 
occur in only a small percentage of newborns. It is unknown if 
this reflects that seizures are truly rare in neonates with TS, or 
that seizures are difficult to diagnose clinically in the newborn 
period. Most children with TS will have obvious seizures within 
the first year. Close neurological follow-up is critical for new- 
borns with TS, as up to a third will develop infantile spasms later 
in infancy. There is growing interest in the use of regular 
screening EEG in neonates and infants with TS in order to 
identify infants and risk of developing seizures and infantile 
spasms, and create opportunities for possible preemptive 
therapy. 


Key Neuromonitoring Findings 

In this case, continuous EEG monitoring was used to assess 
baseline seizure risk, and identified multiple brief seizures. The 
seizures were focal in the right central region, though imaging 
revealed many individual lesions in other areas as well. The 
background was otherwise continuous and symmetric. 
Although a brief routine EEG may not have captured the sub- 
clinical neonatal seizures, the focal repetitive sharp waves would 
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Figure C10.1 Initial EEG background was continuous and of normal amplitude, but had excess focal sharp wave discharges and brief rhythmic discharges in the 
right central region at C4. (All EEGs displayed with Sens 7uV Tc 0.1s, HF 70 Hz, 20 sec per page.) 
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Tuberous Sclerosis 


Figure C10.3 Continued EEG monitoring captured many brief (<1 minute) focal seizures without clinical correlate on EEG. Typical seizures arose from C4, though in 
some instances also involved Cz or T4. 
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Jonathan D. Santoro and Courtney J. Wusthoff 


Figure C10.4 MRI on day 2 showed multiple cortical and subcortical tubers, 
evident on this sagittal view as multiple areas of decreased signal intensity on 
a T2-weighted sequence. 


have been seen, indicating a propensity for seizures and likely 
prompting close clinical and EEG surveillance during infancy. 
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Hemimegalencephaly 


Jonathan D. Santoro and Courtney J. Wusthoff 


Clinical Presentation 

A term born infant presented at two weeks of age for paroxysmal 
“spells” of repetitive movements. The events lasted up to 20 
seconds in duration, consisting of left upper extremity jerks. 
The parents had initially been advised that these were normal 
baby movements, but when the events increased in frequency, 
they brought the baby to the ER for further evaluation. An initial 
EEG showed background asymmetry, prompting admission for 
continuous EEG monitoring to capture a typical event. While no 
clinical events occurred the first evening of monitoring, the EEG 
background was abnormal, with asymmetry and excess focal 
sharp waves occurring in runs. Monitoring was therefore con- 
tinued into a second day. On the second day, brief electroclinical 
seizures were captured, each lasting up to 30 seconds on EEG, but 
with accompanying left upper extremity clonic jerks only for the 
last few seconds. The patient received phenobarbital, resulting in 
good seizure control. MRI demonstrated asymmetric enlarge- 
ment of the right cerebrum, particularly in the posterior hemi- 
sphere, with cortical thickening of the occipital and temporal 
lobes, consistent with pachygyria and polymicrogyria. 

In the months following presentation, the patient received 
close follow-up, with EEGs consistently showing nearly con- 
tinuous sharp waves in the right posterior quadrant. There was 
no return of clinical seizures, with the patient receiving 
a combination of levetiracetam and topiramate. The patient 
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had slow developmental progress over the subsequent two 
years; it was uncertain to what degree this was the result of 
epileptic encephalopathy. Eventually he underwent a right 
hemispherotomy at age two years. Following this procedure, 
the patient experienced a rapid improvement in language, 
cognition, and milestone acquisition, despite a left hemiparesis 
(Figures C11.1-C11.3). 


Discussion 

Hemimegalencephaly is an uncommon malformation of cortical 
development. It is characterized by an enlarged, dysplastic hemi- 
sphere. The condition may be complete, involving the entire 
hemisphere, or partial, involving only certain lobes. It has been 
suggested that partial hemimegalencephaly may fall on a spectrum 
with multilobar cortical dysplasia. Hemimegalencephaly has been 
reported in a number of syndromes of abnormal cell proliferation, 
including neurocutaneous syndromes. Hemimegalencephaly can 
also be an isolated finding. Most patients present with refractory 
seizures in infancy; epileptic encephalopathy has also been 
reported. Case series have suggested that early hemispherotomy 
may be associated with better developmental outcomes and higher 
rates of seizure freedom. 


Key Neuromonitoring Findings 
Hemimegalencephaly typically presents early in infancy 
with frequent seizures. In this case, the clinical events 


Figure C11.1 The first evening of EEG did not capture typical clinical events, but demonstrated frequent, high-amplitude right posterior quadrant epileptiform 


discharges. (Sens 10 uV, Tc 0.1 s, HF 70 Hz, 15 s per page.) 
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Figure C11.2 Approximately 12 hours after the recording began, brief electroclinical seizures were observed. These each lasted less than 30 seconds, and were 
characterized by gradually increasing frequency of right posterior quadrant discharges, culminating in left upper extremity clonic jerks. (Sens 10 uV, Tc 0.1 s, HF 70 Hz, 


15 s per page) 


Figure C11.3 Axial view of T2 MRI demonstrating right hemimegalencephaly, 
most prominent in the posterior quadrant. 
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were not witnessed in the emergency room, but the very 
abnormal EEG prompted further monitoring. An asym- 
metric EEG background is characteristic of hemimegalen- 
cephaly. Some neonates will have frequent epileptiform 
discharges in the affected hemisphere; others will have 
a suppression burst background pattern. In this case, 
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Ohtahara Syndrome 
Carlos I. Salazar and Cecil D. Hahn 


Clinical Presentation 

A term newborn female presented on day 5 of life with unusual 
movements. Family history was negative for epilepsy. The preg- 
nancy and delivery were uncomplicated. The episodes of concern 
were first observed by the parents on day 2 of life, described as 
sudden head and eye deviation to the left, mouthing, generalized 
body stiffening, and either flexion or extension of the arms, lasting 
less than 1 minute. The baby was also lethargic, needed to be 
woken up for feeding, and lost 13% of her birth weight in 5 days. 
She was admitted to the NICU for neurological assessment and 
management of suspected seizures. She received a loading dose of 
phenobarbital and then maintenance therapy. Conventional 
video-EEG monitoring showed a burst suppression background 
pattern and captured the clinical events, which were confirmed to 
represent seizures. Infectious and metabolic workups and brain 
MRI were unremarkable. Despite therapy, the seizures persisted 
with tonic head deviation, right hemifacial spasms, and tonic 
extension of the limbs. Pyridoxine was started by day of life 7, 
associated with a partial improvement in seizures. She had further 
clusters of seizures at age 4 weeks of life in the context of necrotiz- 
ing enterocolitis, and levetiracetam was added. She continued to 
have daily brief self-resolving seizures so topiramate was added by 
age 6 weeks. At age 8 weeks, she remained hypotonic, required 
feeding by nasogastric tube, and was also started on vigabatrin in 


the context of hypsarrhythmia seen in a follow-up EEG. An 
epilepsy gene panel subsequently revealed a KCNQ2 gene muta- 
tion. Treatment was adjusted and sodium-channel blocking med- 
ications were added, with a loading dose of IV fosphenytoin 
followed by oral carbamazepine therapy, with significant 
improvement in seizure control (Figures C12.1-C12.2). 


Discussion 

Ohtahara syndrome, also known as early infantile epileptic ence- 
phalopathy (EIEE), is characterized by severe recurrent seizures 
and encephalopathy beginning in the first weeks of life (from the 
neonatal period to up to age 3 months). The classic seizure semi- 
ology is tonic spasms, occurring either in isolation or in clusters, 
with either symmetric or asymmetric tonic posturing. Focal motor 
seizures may also be present. Ohtahara syndrome is caused pri- 
marily by structural brain lesions (dysgenetic or encephaloclastic), 
but may also be caused by mutations in genes such as STXBPI, 
KCNQ2, and ARX. KCNQ2 encephalopathy has a broad pheno- 
typic spectrum, from benign familial neonatal epilepsy (BFNE), 
which responds well to treatment and is associated with normal 
outcomes, to a neonatal epileptic encephalopathy with recurrent 
seizures, neurological impairment, and overall poor prognosis 
with profound developmental delay. Patients with KCNQ2 ence- 
phalopathy may present with an electroclinical phenotype 
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Figure C12.1 EEG on day of life 7 demonstrating a burst suppression background pattern with the bursts containing multifocal high-amplitude sharp waves. 
eonatal montage. LFF = 1 Hz, HFF = 70 Hz, Sensitivity 10 uV/mm, Time base 10 mm/second. 
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Ohtahara Syndrome 


Figure C12.2 EEG on day of life 7 demonstrating a focal electroclinical seizure characterized by onset of subtle low-voltage fast activity over the left occipital head 
region, followed by diffuse muscle artifact associated with asymmetric tonic posturing. Neonatal montage. LFF = 1 Hz, HFF = 70 Hz, Sensitivity 15 uV/mm, Time base 


10 mm/second. 


resembling either Ohtahara syndrome or early myoclonic ence- 
phalopathy (EME). Sodium channel blockers, particularly carba- 
mazepine, have been shown to be particularly effective in patients 
with KCNQ2 encephalopathy, resulting in a successful reduction 
of seizures and even seizure freedom. 


Key Neuromonitoring Findings 
The classic EEG feature of Ohtahara syndrome is a burst 
suppression background pattern that persists during the 
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Zellweger Syndrome 


Elena Pavlidis, Andreea M. Pavel, and Geraldine B. Boylan 


Clinical Presentation 

A baby boy was born at term (39+3 weeks) by vaginal delivery, 
birth weight 2.95 kg (9th centile) and head circumference 
34 cm (25th centile). The baby had poor respiratory effort, 
HR 80-90 bpm, and poor tone and required positive pressure 
ventilation. Apgar scores were 1, 6, and 7 at the first, fifth, and 
tenth minutes, respectively. He was born to a 32-year-old, 
G2P1, with well-controlled gestational diabetes. The preg- 
nancy was notable for polyhydramnios. The parents were 
first cousins. 

On the basis of a poor initial blood gas (pH 6.97, BE -10.4, 
lactate 7.2), low Apgar scores, hypotonia, lethargy, weak suck, 
and suspected clinical seizures, he was commenced on ther- 
apeutic hypothermia at 3 hours of age for a duration of 
72 hours. He received a loading dose of phenobarbital 
(20 mg/kg). Dysmorphic features were noted: up-slanting pal- 
pebral fissures, hypertelorism, a broad nasal bridge, bilateral 
single palmar creases, and a sandal gap. Due to difficulties with 
oxygenation, he was intubated and ventilated. 

EEG started at 4 hours of age revealed a severely abnormal 
background pattern, with no sleep-wake cycling (Figure C13.1). 
Brief electrographic seizures started at 46 hours of age, subse- 
quently increasing in frequency and duration (Figure C13.2). 
Two additional loading doses of phenobarbitone (10 mg/kg 


each) were administered and seizures stopped a few hours 
later. However, seizures reappeared with a similar pattern 
on day of life 8, and phenobarbital treatment was recommenced. 

Cerebral ultrasound scan showed lenticulostriate vascular 
hyperechogenicity, a mild increase of white matter hyperecho- 
genicity, and cava septum pellucidum and vergae. Brain MRI 
showed bilateral perisylvian polymicrogyria, further possible 
areas of polymicrogyria in the frontal regions (Figure C13.3), 
and normal spectroscopy. 

Karyotype and microarray were normal. A full metabolic 
screen showed increased levels of alanine, proline, glutamine, 
and very long chain fatty acids (VLCFA). 

Despite intensive care, he remained unstable and on day of 
life 11 care was redirected and the infant died. Zellweger syn- 
drome, suspected because of clinical, neuroimaging, and labora- 
tory findings, was confirmed postmortem by the presence of 
a pathogenic variant of PEX12 gene on chromosome 17. 


Discussion 

Zellweger syndrome is the most severe condition in the group 
of peroxisomal biogenesis disorders [1, 2]. It is an autosomal 
recessive disorder caused by defects in one of several PEX genes 
[1, 2]. It usually manifests in the neonatal period with char- 
acteristic craniofacial dysmorphic features, hypotonia, hepatic 
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Figure C13.1 Background activity characterized by oligomorphic, low-medium amplitude theta-delta activity (a-c), with bilateral independent spike discharges in 
the centro-temporal regions [red circles] (b-c). Periods of burst suppression were also evident (d). The time-point of the corresponding aEEG is indicated with a red 
line; red bars below the aEEG in (d) indicate the seizures. (Sensitivity: 70 uV; high-frequency filter: 70 Hz; low-frequency filter: 0.5 Hz; time base: 15 mm/sec; montage 
depicted at top right.) 
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Figure C13.2 Seizures always had a focal onset in frontal or centro-temporal regions, sometimes starting in one hemisphere (c) and then moving 

to the contralateral hemisphere (d). The time-point of the corresponding aEEG is indicated with a red line (a, b, d); red bars below the aEEG represent 
the seizures) (Sensitivity: 70 uV; high-frequency filter: 70 Hz; low-frequency filter: 0.5 Hz; time base: 15 mm/sec; montage depicted at 

top right.) 


dysfunction (with subsequent prolonged jaundice and poor 
feeding), and often seizures [2, 3]. An accumulation of 
VLCFA is typically found in blood plasma [1-3]. 


Key Neuromonitoring Findings 
Neuronal migration defects are common in Zellweger spec- 
trum disorders. Neuroimaging typically detects cortical 
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Figure C13.3 T2-weighted coronal brain MR 
images showing bilateral perisylvian polymicrogyria. 


gyral abnormalities (such as perisylvian polymicrogyria 
and pachygyria), or generalized or focal leukoencephalo- 
pathy [1-3]. The functional correlate of this is evident on 
EEG. Seizures starting in the neonatal period are common 
[1-3]. Negative sharp waves and spikes over the Rolandic 
regions, with phase reversal at the vertex, have been 
reported [4,5]. 
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Pyridoxine-Dependent Epilepsy 


Saadet Mercimek-Andrews and Cecil D. Hahn 


Clinical Presentation 

A newborn boy with a history of progressive bilateral asymme- 
trical severe ventriculomegaly on serial prenatal head ultra- 
sounds was admitted to the neonatal intensive care unit for 
evaluation and monitoring following delivery. A postnatal 
head ultrasound and brain MRI showed bilateral asymmetric 
dilation of the lateral ventricles with bilateral large subependy- 
mal cysts at 4 days of age. He had poor feeding, vomiting, and 
hyponatremia (Na 127; reference range 133-142 mmol/L) at 
age 4 days. 

Clusters of multifocal clonic seizures started at age 7 days, 
which were successfully treated with lorazepam and phenobar- 
bital. He remained seizure free on phenobarbital monotherapy 
until 17 days of age, when he had four generalized tonic-clonic 
seizures lasting 5 to 10 seconds responding to lorazepam. At 
age 18 days, he had lip smacking and eye rolling. At age 
19 days, he had multiple generalized tonic-clonic seizures last- 
ing 15 to 30 seconds, consistent with status epilepticus, for 
which he was treated with phenytoin, lorazepam, and midazo- 
lam (5 mcg/kg/min). Levetiracetam and pyridoxine (14 mg/kg/ 
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day) were added at age 21 days. Midazolam was weaned off at 
age 24 days. He had no further seizures. Investigations for 
infectious and acute metabolic causes were normal. He was 
discharged home at age 30 days on phenobarbital, levetirace- 
tam, and pyridoxine therapy. 

Because of his treatment-refractory neonatal seizures, he 
underwent extensive metabolic investigations. He was found to 
have elevated urine a-aminoadipic acid semialdehyde (a- 
AASA), suggesting a diagnosis of pyridoxine-dependent epi- 
lepsy. Subsequent genetic evaluation at age 3 months revealed 
compound heterozygous likely pathogenic variants in 
ALDHZ7A]1, confirming the diagnosis of pyridoxine-dependent 
epilepsy (Figures C14.1-C14.2). 


Discussion 

Pyridoxine-dependent epilepsy due to mutations in ALDH7A1 
is an autosomal recessively inherited disease of lysine catabo- 
lism. The majority of patients present with neonatal onset 
seizures, usually not responsive to anti-seizure medications. 
The treatment consists of pyridoxine, a lysine-restricted diet, 
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Figure C14.1 Continuous EEG demonstrating discontinuous background activity with inter-burst intervals ranging from 4 to 6 seconds and frequent negative and 


positive sharp waves over the bilateral centrotemporal head regions. 
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Figure C14.2 (a,continued in b) Continuous EEG demonstrating a typical subclinical seizure lasting 54 seconds consisting of rhythmic spike wave discharges 
246 arising from the right temporal head region (T4) evolving in frequency, amplitude, and morphology. 


https://doi.org/10.1017/9781316536001.029 Published online by Cambridge University Press 


and arginine. More than 90% of patients are seizure free on 
pyridoxine monotherapy. Initiation of a lysine-restricted diet 
and arginine in the early infantile period improves neurodeve- 
lopmental outcome and cognitive function. 

White matter abnormalities, corpus callosum dysgenesis, 
mega cisterna magna, cortical dysplasia, heterotopias, hemor- 
rhage, hydrocephalus, and subependymal cysts on brain MRI 
have been reported in various patients. 

Due to specific therapy, pyridoxine-dependent epilepsy 
should be included in the differential diagnosis of neonatal or 
infantile onset medically refractory seizures, even in the 


Pyridoxine-Dependent Epilepsy 


presence of structural brain malformations or a transient 
response to phenobarbital. Pyridoxine should be initiated 
and continued until disease-specific investigations exclude 
the diagnosis. 


Key Neuromonitoring Findings 

Continuous EEG for 15 hours revealed discontinuous back- 
ground activity with inter-burst interval ranging from 4 to 
6 seconds with several subclinical electrographic seizures and 
frequent negative and positive sharp wave transients over the 
bilateral temporal and central head region. 
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Metabolic Encephalopathy 


Jonathan D. Santoro and Courtney J. Wusthoff 


Clinical Presentation 

A term infant born following uncomplicated pregnancy pre- 
sented on day of life four to a local hospital with lethargy and 
decreased feeding. The newborn had an initial ammonia level of 
215 umol/L that, despite initiation of IV fluids with nothing by 
mouth, by day six had risen 900 umol/L. At the same time, there 
was clinical deterioration to obtundation requiring intubation. 
The patient was transferred to a tertiary NICU. Neurological 
examination demonstrated profound encephalopathy, symmetric 
hyperreflexia and clonus, and symmetric withdrawal in the hor- 
izontal plane to noxious stimulation. With progression of liver 
failure of unclear etiology, IV carnitine and IV sodium benzoate 
with sodium phenylacetate were initiated. Due to continued 
hyperammonemia, continuous renal replacement therapy 
(CRRT) was initiated. Upon admission to NICU on day six, 
screening aEEG was initiated. Within the first evening, aEEG 
revealed rhythmic patterns without clinical correlate (Figure 
C15.1); continuous video EEG was initiated to clarify the findings. 
No seizure activity was captured on EEG (Figure C15.2). With use 
of CRRT and the above interventions, the patient’s ammonia 
decreased to less than 150 umol/L, with corresponding 


transient improvement of EEG background (Figures C15.3 
& C15.4). The patient’s newborn screen results returned 
indicating a propionyl CoA carboxylase deficiency as the 
cause of propionic acidemia. Unfortunately, while receiving 
maximal therapy for liver failure the patient developed bac- 
teremia and sepsis that was ultimately fatal. 


Discussion 

Neonatal onset propionic acidemia an inborn error of meta- 
bolism that presents as lethargy in the first few days after birth. 
Hyperammonemia is typical, with disease progressing to hepa- 
tic failure without early treatment. In many countries, new- 
born screening can detect neonates with this condition, though 
clinical symptoms may arise before newborn screen results are 
reported. EEG monitoring is recommended for all patients 
with propionic aciduria at the time of initial presentation and 
during periods of metabolic decompensation, both to detect 
seizures and to assess brain function while the clinical exam is 
limited. Similarly, EEG monitoring can be useful for neonates 
with hyperammonemia due to other inborn errors of 
metabolism. 
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Figure C15.1 aEEG recording from the first 4 hours after admission to the tertiary NICU. The top two panels show a 10-second segment of EEG; a rhythmic pattern 
across the left hemispheric channel is evident in the uppermost panel, suspicious for possible seizure. The bottom two panels display 3 hours of aEEG trend from the 
left and right hemispheric channels. Overall, amplitudes are abnormally low, with the lower margin of the activity band less than 5 uV and the upper margin often less 


than 10 uV. This is a severely abnormal background pattern. 
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Figure C15.2 cEEG recording at approximately 8 hours after admission to NICU, at time of peak hyperammonemia. The background is low-voltage suppressed; 
activity is almost entirely below 10 uV in amplitude. (Sens 7, Tc 0.1s, HF 70 Hz, 20s/screen.) 
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Figure C15.3 cEEG recording approximately 24 hours after admission to NICU, as ammonia levels began to improve. The background voltages are now above 25 
WV in amplitude and activity is increasingly continuous. There are excess sharp waves, including in a run at O2, but no seizures. 


Key Neuromonitoring Findings 


Neonates with inborn errors of metabolism and those with 
hyperammonemia are at high risk for seizures. These patients 
are often obtunded or comatose; EEG monitoring is essential for 
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accurate diagnosis of seizures. In this case, while limited array 
aEEG showed rhythmic patterns, full array continuous EEG 
monitoring did not identify electrographic seizures. Even as 
the patient's examination was limited by sedation, the evolution 
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Figure C15.4 cEEG approximately 36 hours after admission, when ammonia levels were at a nadir. The background is continuous and of normal amplitude. Some 
sharp waves are present, but no longer occur in runs. 
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Figure C15.5 As the patient became septic, the EEG background became discontinuous, with bursts of sharp waves lasting up to 7 seconds and inter-burst 
intervals with amplitude less than 25 uV. 


of the EEG background provided real-time information regard- As the patient became septic, brain function again worsened 
ing brain function. Initially, this reflected severe encephalopa- ^ (Figure C15.5), providing an early indication to the clinical team 
thy, with transient improvement as ammonia levels improved. ^ that the patient was deteriorating. 
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Glycine Encephalopathy 
Puneet Jain and Cecil D. Hahn 


Clinical Presentation 

The patient was born to a non-consanguineous couple at 40 
weeks’ gestation following unremarkable pregnancy with 
uncomplicated delivery. He showed persisting lethargy and 
poor feeding since day 1 of life. Examination showed normal 
head circumference, poor state-to-state variability, global 
hypotonia, and depressed muscle stretch reflexes. On day 6, 
he was noted to have very frequent, brief, fragmentary body 
jerks involving the distal extremities both during awake and 
sleep states. There were associated frequent hiccups and occa- 
sional brief episodes of tonic posturing of the left arm. 
Continuous EEG monitoring was initiated to characterize 
these events. 

Basic investigations showed normal blood sugar, calcium, 
pH, lactate, ammonia, and urine organic acids. Glycine was 
markedly elevated in CSF (321 pmol/L [normal range, 6-19]) 
and plasma (1571 mol/L [normal range, 178-248]) with a high 
CSF/plasma glycine ratio of 0.2:1. A ratio of >0.08 is highly 
suggestive of non-ketotic hyperglycinemia. Urinary glycine 
was also elevated (13,242 mmol/mol Cr [normal range, 563- 
2563]. MRI brain showed increased T2 hyperintensity 


throughout the bilateral cerebral white matter, posterior limbs 
ofthe internal capsule, subthalamic region, midbrain and within 
the dorsal tegmental tracts. EEG suggested early myoclonic 
encephalopathy (EME) (Figures C16.1-C16.4). Clinical pheno- 
type and investigations suggested a diagnosis of non-ketotic 
hyperglycinemia, or glycine encephalopathy. The baby was trea- 
ted with multiple anti-seizure medications, sodium benzoate, 
carnitine, dextromethorphan, and supportive care. 


Discussion 

EME is a rare epileptic encephalopathy. Seizures usually start 
within 1 month of age. Erratic, fragmentary myoclonia is the 
defining seizure type. Mycolonus often involves the face and 
limbs and is usually very frequent. Myoclonus has been 
reported even antenatally, often described as fetal “hiccups” 
during the pregnancy. Other seizure semiologies may include 
focal seizures (eye deviation, apnea, clonic, asymmetric tonic 
movement) and rarely epileptic spasms. Seizures remain 
refractory to treatment, with severe subsequent neurodevelop- 
mental impairment. EME may evolve into infantile spasms 
syndrome or epilepsy with multiple independent spike foci 
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Figure C16.1 Burst suppression pattern: The record shows a burst suppression pattern with inter-burst interval of around 15 seconds and amplitude «10 uV. Also 
note sharp waves at Cz (negative) and C4 (positive) during the suppression phase. (Neonatal bipolar montage with a time base of 15 mm/sec, sensitivity 7 uV/mm, 


high-frequency filter at 70 Hz, low-frequency filter at 1 Hz.) 
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Figure C16.4 Hiccups: The record shows burst suppression pattern with frequent sharp waves at Cz, C4 and T3. The baby was having around 1 per second hiccups 
during this epoch as evident on the respiratory channel but with no EEG change. (Neonatal bipolar montage with a time base 10 mm/sec, sensitivity 7 uV/mm, high- 


frequency filter at 70 Hz, low-frequency filter at 1 Hz.) 


(MISF). More than half of patients with EME die before 2 years 
of age. 

Many cases are familial. Metabolic causes predominate, 
though the etiology remains unknown in majority of the cases. 
Reported causes include non-ketotic hyperglycinemia, organic 
acidemias, sulfite and xanthine oxidase deficiency, molybdenum 
cofactor deficiency, Menkes disease, and Zellweger syndrome. 

Glycine encephalopathy is an autosomal-recessive disorder 
caused by deficient activity of the multimeric glycine cleavage 
enzyme with resultant accumulation of excessive of glycine in all 
body tissues, including the brain. The majority of patients present 
in the neonatal period (usually within in the first hours to days of 
life) with progressive lethargy, hypotonia, and myoclonic jerks 
leading to apnea and often death. The diagnosis is made by 
elevated CSF-to-plasma glycine ratio, enzymatic analysis in biop- 
sied liver tissue, or genetic testing. Treatment is symptomatic. 
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Key Neuromonitoring Findings 

The interictal EEG in EME characteristically shows a burst 
suppression pattern, which consists of bursts lasting 1 to 5 
seconds alternating with periods of background suppression 
lasting 3 to 10 seconds. This pattern may be more prominent or 
only seen during sleep state. As compared to Ohtahara syn- 
drome, EME shows longer inter-burst intervals, asynchronous 
bursts, and more multifocal spikes in the suppression phase. 
The EEG during wakefulness usually shows slow background 
activity with frequent multifocal spike waves. 

Myoclonia are not associated with ictal EEG change but 
may coincidentally occur with bursts of burst suppression 
pattern. Focal seizures may have variable ictal EEG patterns 
including alphoid rhythm, theta activity, or irregular spike- 
waves. Tonic spasms may be associated with voltage attenua- 
tion, also known as a desynchronization pattern. 
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Newborn Heart Surgery 


Hypoplastic Left Heart Syndrome 


Shavonne L. Massey and Robert Clancy 


Clinical Presentation 

A term newborn with prenatally-diagnosed hypoplastic left 
heart syndrome (HLHS) was born via spontaneous vaginal 
delivery. The Apgar scores were 9 at both 1 and 5 minutes. 
Weight was 3480 grams (25th percentile), length 48 cen- 
timeters (25th percentile), but head circumference was only 
32 centimeters (5th percentile). The baby was stabilized 
with a normal neurological examination and transferred 
to the cardiac intensive care unit. Echocardiogram con- 
firmed HLHS with mitral and aortic valve atresia, a 
diminutive ascending aorta, patent foramen ovale, and a 
large patent ductus arteriosus. Baseline pre-operative mag- 
netic resonance imaging (MRI) of the brain on day of life 3 
showed immature, underdeveloped opercula. MR spectro- 
scopy revealed elevated lactate peaks in the posterior peri- 
ventricular white matter in both hemispheres, though no 
actual leukomalacia was visible on imaging. The patient 
underwent stage 1 HLHS palliation with a Sano shunt. 
Newborn heart surgery was conducted after the patient 
was placed on cardiopulmonary bypass, cooled, and transi- 
tioned to deep hypothermic circulatory arrest (DHCA) for 
a total of 50 minutes. 

Continuous video EEG monitoring was initiated immedi- 
ately after return from the operating room, as recommended 
by the American Clinical Neurophysiology Society (ACNS) 
[1]. Initially, the EEG background was invariant with excessive 
discontinuity for age. The inter-burst intervals were 7 to 10 
seconds in duration with amplitudes less than 10 uV. There 
was minimal improvement of the background over the first 24 
hours of monitoring. Multiple, brief subclinical seizures aris- 
ing from the right posterior region (temporal-occipital) started 
around 30 hours post-operatively. The patient was initially 
loaded with 40 mg/kg of levetiracetam with no reduction in 
seizure frequency, followed by a loading dose of 20 mg/kg of 
phenobarbital, given as four 5 mg/kg aliquots to avoid hypo- 
tension. There was no improvement, and the subclinical elec- 
trographic seizures eventually escalated to status epilepticus 
and finally ceased after a single dose of 20 mg/kg of fospheny- 
toin, administered slowly at a rate of 1 mg/kg/minute to avoid 
cardiotoxicity and bradycardia. The infant remained seizure 
free for an additional 24 hours of EEG monitoring, which was 
then discontinued. The background remained excessively dis- 
continuous with prolonged and attenuated inter-burst inter- 
vals and excessive sharp waves in the T4-O2 channel. A repeat 
brain MRI 8 days post-operatively showed ischemic injury in 
the right thalamus and bilateral occipital lobes (right greater 
than left), evidenced by restricted diffusion and hemorrhage 
within the right occipital lobe, the right occipital horn, and the 
choroid plexus of the left lateral ventricle. The patient was 
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Figure C17.1 Pre-operative MRI on day of life 3. FLAIR axial images showing 
some brain immaturity with incompletely closed cerebral opercula [arrow]. 


maintained on 6 mg/kg/day of phenobarbital with no further 
seizures (Figures C17.1-C17.5). 


Discussion 

Infants born with serious forms of congenital heart disease 
(CHD) are considered at high risk of neurological injury even 
before newborn heart surgery. This infant had a relatively 
small head circumference at birth, in contrast with age-appro- 
priate percentiles for weight and length. Small head circumfer- 
ences correlate significantly with the diameter of the ascending 
aorta which is decreased in HLHS and results in obstructed 
cerebral blood flow during a period of normally rapid head 
growth. Similarly, the brain appeared immature on imaging 
with operculae that had not fully closed. Lactate peaks shown 
by MR spectroscopy indicated relative ischemia within those 
white matter areas, present even before the stress of newborn 
heart surgery. The duration of DHCA depends on the com- 
plexity of the cardiac defect and the skill of the surgeon. A 
duration of 50 minutes is common, but times above 40 minutes 
increase the chance of post-operative seizures. The need for full 
anticoagulation during and after DHCA increases the risk for 
secondary hemorrhagic transformation after ischemic injury. 
Modern CHD cohorts have demonstrated post-operative 
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Figure C17.2 Post-operative MRI, taken 8 days after surgery. FLAIR axial (A) and SWI axial (B) sequences showing hemorrhage within the right occipital lobe and 
bilateral occipital horns of the lateral ventricles [red arrows]. ADC axial (C) and (D) show areas of ischemia involving the right thalamus [blue arrow, C], right occipital 


lobe and bilateral occipital lobes [blue arrows, D]. 


seizure incidences up to 23%, with over 80% of those seizures 
being subclinical. Seizures in the CHD population are treated 
with the same medications used in other neonatal populations: 
phenobarbital, levetiracetam, fosphenytoin (or phenytoin), 
and benzodiazepines. The practitioner must remember the 
potential side effects of hypotension from myocardial depres- 
sion from phenobarbital. Fosphenytoin and phenytoin can 
induce cardiac arrhythmias such as bradycardia, heart block, 
ventricular tachycardia, and ventricular fibrillation, which can 
lead to asystole and death. Rapid intravenous administration of 
phenytoin or fosphenytoin can also cause a sharp drop in blood 
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pressure from peripheral vasodilation and a negative inotropic 
myocardial effect and these iatrogenic consequences need to be 
fastidiously avoided in this cardiovascularly delicate group. 


Key EEG Findings 

Excessively discontinuous EEG background activity is com- 
mon soon after newborn heart surgery (Figure C17.3). In 
addition to the stress of the surgery itself, the infants are still 
recovering from the effects of prolonged general anesthesia 
and hypothermia. Medications which act on the central ner- 
vous system administered in the immediate post-operative 
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Figure C17.3 The EEG background activity is excessively discontinuous, consisting of bursts with normal patterns and graphoelements separated by inter-burst 
intervals [between red arrows] longer than 6 seconds and less than 25 microvolts in amplitude. 
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Figure C17.4 Abnormal negative sharp wave transients are maximal at T4 (right temporal region) [blue arrow]. 
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Figure C17.5 An electrographic neonatal seizure has abrupt onset of rhythmic 1—2 Hz delta activity in T4 and C4 channels, which evolves in amplitude and 
frequency into 1.5 Hz spike and wave discharges, maximal in the right temporal (T4) and occipital (O2) regions. (15 mm/sec). Separately, there is a non-evolving run 


of sharp-wave discharges at Cz (central vertex) in the center of the image. 


period typically include narcotics for pain control and benzo- 
diazepines for anxiolysis. Post-operatively, infants may also 
experience a prolonged period of hypotension since the myo- 
cardium is still “stunned” from the effects of cardiac surgery. In 
this case, the EEG was notable for the persistence of a moderate 
degree of discontinuity at a time when patients typically begin 
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Extracorporeal Membrane Oxygenation 


Nicholas S. Abend 


Clinical Presentation 

A 7-month-old unvaccinated male infant was previously 
healthy and developmentally normal until he presented 
with persistent cough and fever. Other family members 
were also experiencing similar symptoms. His initial 
workup demonstrated leukocytosis, a right upper lobe pneu- 
monia, and positive pertussis polymerase chain reaction. 
His respiratory status worsened on day 5 of hospital admis- 
sion, and he was transferred to the pediatric intensive care 
unit. On day 7 of admission, he was intubated for respiratory 
failure with bi-lobar pneumonia. On day 8 of admission, he 
developed a life-threatening pulmonary hypertensive crisis 
requiring emergent cannulation for veno-arterial extracor- 
poreal membrane oxygenation (ECMO). Given the acute 
clinical change and known risk of seizures during ECMO, 
continuous EEG monitoring was initiated. EEG 


Fp1-F3 


Fp2-F4 


demonstrated continuous 1-3 Hz delta activity with sym- 
metric sleep spindles but without variability or reactivity. 
During the ECMO course, the EEG pattern changed to 
show new left posterior quadrant attenuation (Figures 
C18.1 & C18.2). A portable CT scan demonstrated 
a 33 mm intraparenchymal hemorrhage in the left occipital 
lobe surrounded by vasogenic edema producing local mass 
effect with sulcal effacement in the left posterior parietal 
and occipital region (Figure C18.3). Anticoagulation was 
adjusted through the ECMO circuit to minimize the risk of 
hemorrhage expansion, and the patient’s target platelet 
goal was increased. Sedation was transiently decreased to 
permit clinical neurological assessment, and the patient 
moved his extremities purposefully. He was maintained 
under sedation, and a repeat head CT two days later did 
not show hemorrhage expansion. The patient underwent 
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Figure C18.1 Bipolar longitudinal montage demonstrating left posterior quadrant voltage attenuation. 


https://doi.org/10.1017/9781316536001.033 Published online by Cambridge University Press 


Nicholas S. Abend 


TET ume PNIS AI eu nN am Nus PP [HD S, AT Iu IIS trm, rt, pf PS m, 
F7-Fp1 aue AW AA e [PIN he IPS P mehr em eee al igi P \ PP St SY 
Fp1-Fp2 Nur Nu 


Fp2-F8 Vyr A ee INA P nna V V ne ada adnate A saint ete dali an 


rin WV Pete PS eee DVS Nr AD ADI 
13-63 SDL AAD teeta net DA pel rte ff \ pr NO aN tinge NNN fat 
C3-Cz WN AR eran NA PIS indent far fe HIRD rh anton ato an P IN A V 
Cz-C4 TARTANA TN P ANA een Anr a P iei A A IS aa ANN A fS PISIS P PSP We 
C4-T4 N^ Nes enero ASA [P porns SNS AS 
13-15 ramet Prev rer rto tee fe d \_ / JN 
75-01 ahha onal] 775 

va Wl | /S WAAN, M 
02.76 v [Naa Ven ^ "ike W d WU AL ^] NM UA 
76-74 A, M AAN Nest yy SANA Sie S SAP eA 

Fz-Cz PA n h permet SION pu crn ME Ne In NT VI Meno 
Cz-Pz MeN AON i LON eme cm pA IN RG PN nt, fot 
= a 


Figure C18.2 Circumferential montage demonstrating left posterior quadrant voltage attenuation. 


Figure C18.3 Non-contrast CT head demonstrating acute left occipital 
hemorrhage with surrounding edema. 
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a 24-day ECMO course, after which he was successfully 
decannulated. 


Discussion 

Electrographic seizures occur in up to 30% of neonates and 
children undergoing ECMO. Critical illness precipitating 
the need for ECMO, the cannulation procedure, and com- 
plications of ECMO itself each creates a risk for brain injury 
in children. Consensus statements recommend use of cEEG 
monitoring during ECMO in neonates’ and children” ?. While 
cEEG monitoring is mainly directed at seizure detection, it can 
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also provide useful information regarding evolution of brain 
function over time. 


Key Neuromonitoring Findings 

While this patient did not have seizures during ECMO, EEG 
data were important in guiding management. EEG monitor- 
ing elucidated focal findings - left posterior attenuation - 
that would not have been apparent clinically in a patient 
requiring high levels of sedation and paralytic infusion. This 
EEG finding directly prompted earlier imaging and adjust- 
ment of anticoagulation parameters, potentially preventing 
expansion of the hemorrhage. 
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Cardiac Arrest 
Courtney J. Wusthoff 


Clinical Presentation 

A 7-month-old female had been put in her crib for a nap; her 
father returned to the room 40 minutes later to wake her and 
found her limp and cyanotic. Parents began chest compres- 
sions and rescue breaths; on arrival by emergency medical 
services there was no palpable pulse, but return of spontaneous 
circulation occurred after 3 additional minutes of CPR. On 
arrival to ER, the patient was found to be RSV positive with 
patchy opacities on chest X-ray. Head CT was normal. The 
parents recalled preceding rhinorrhea but no fever or notable 
cough. In the ER, the patient had episodes of right hemibody 
extension and stiffening without associated vital sign changes. 
The patient was intubated and sedated; EEG monitoring was 
initiated in the pediatric ICU. 

Upon initiation of EEG, generalized occipitally predomi- 
nant periodic discharges (PDs) were present. These were trea- 
ted empirically with benzodiazepines, with improvement of 
the EEG although no corresponding clinical change. The back- 
ground activity became slow and disorganized. There were no 
further episodes of body stiffening/extension captured. 
Approximately 30 hours after admission, subclinical seizures 
began. These had a subtle evolution on EEG, and required 
treatment with benzodiazepines, IV fosphenytoin 20 mg PE/ 
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kg, and levetiracetam 60 mg/kg before remitting. They never 
reached the threshold for status epilepticus. EEG after resolu- 
tion of seizures showed diffuse slowing with intermittent mul- 
tifocal sharp waves. 

Repeat head CT at 48 hours after admission showed bilat- 
eral areas of ischemia in a watershed distribution as well as 
mild diffuse cerebral edema. The patient remained on EEG 
until, at 72 hours after admission, she had been seizure free for 
over 24 hours on maintenance dosing of levetiracetam. 
Sedation was weaned over the following four days with extuba- 
tion to high flow nasal cannula. 


Discussion 

Seizures are common following cardiac arrest, occurring in up 
to 50% of children. They are most often subclinical. Seizures 
typically begin within the first 24 hours after cardiac arrest; in 
this case, the first electrographic seizures were recorded 
approximately 30 hours after admission. However, the patient 
had also had clinically suspicious stiffening episodes in the ER 
prior to EEG initiation, and had received benzodiazepine to 
treat PDs within the first 12 hours after return of circulation. 
Although seizures and generalized periodic discharges are 
associated with worse prognosis, in this case there were some 
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Figure C19.1 EEG at recording onset. There were generalized periodic discharges (GPDs) at a frequency of approximately 1 per second, with bi-occipital 


predominance. These diminished with benzodiazepine administration. (LFF 1 H 
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z, HFF 70 Hz, Sens 20 uV/mm, 10 sec/page.) 


hU n o fb Ue 
RO es $8 Ys oF 
mp. gu Ts 
MENEER 


1c) 1 oe Od 
eS 


W eL Vm 


| BSS) A 


TERRE A 
RE E 
ERE WRD 
UN) Cet Jol oa S 
| NEUE: 


IARE ES | 
m RI e 


IEEE UE: 


| BRA um EGER T RISUS ET RU 


263 


264 


Courtney J. Wusthoff 


z 
93 


bi 


a 


TE 
= 
= 
ij 
3 J 
EN 
E 
= 


HPO TH 
E JE o JI 


" 


wi Tmebaee | lÜsec/page v 


M 


1 


t 2 


b Rr WM) 
ROT S TON 
rl Use DA. Tee I 


L| 
L4 
{ 


5 19 SC Ti 


E 
E 
Li 
LE 


Figure C19.4 EEG at 42 hours after admission, following treatment with multiple anti-seizure medications shows a diffusely slow background, likely at least in part 


due to medication effect. 


encouraging prognostic EEG features in the first 24 hours, 
including the slow-disorganized background (without sup- 
pression or discontinuity), variability, and the presence of 
sleep transients. 


Key Neuromonitoring Findings 

EEG was initiated after this patient was intubated and trans- 
ferred to the ICU; at that time there was no clinical evidence 
of seizures, and the clinical examination was limited due to 
sedation. The initial EEG recording showed generalized 
occipitally predominant periodic discharges (Figure 
C19.1). This pattern falls on the ictal-interictal continuum: 
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a scientific statement from the 
American Heart Association. Circulation. 


it indicates a high risk of concurrent seizures, and there is 
some evidence that this pattern can itself contribute to 
clinical encephalopathy. While the empiric trial of benzo- 
diazepines did not result in clinical improvement, it led to 
resolution of the PDs and was followed by significant 
improvement of the EEG background (Figure C19.2). 
Continued EEG monitoring allowed the detection of late 
seizures (Figure C19.3). In this case the early appearance of 
PDs was a harbinger of later seizures. After multiple medi- 
cations, the EEG showed diffuse slowing (Figure C19.4), 
likely reflecting a combination of medication effect and 
brain dysfunction due to the cardiac arrest. 


2019 Aug 6;140(6):e194-e233. PMID: 
31242751. 


Cerebral Sinovenous Thrombosis 
Robyn Whitney and Cristina Go 


Clinical Presentation 

A 17-month-old boy with gross motor delay, speech delay, and 
iron deficiency anemia presented acutely with a decreased level of 
consciousness and seizures. He had three days of gastrointestinal 
illness and decreased oral intake. His seizures were characterized 
by rhythmic twitching of the left shoulder and arm. He was seen at 
a local hospital and treated with multiple doses of midazolam, 
fosphenytoin, and phenobarbital. He was subsequently trans- 
ferred to a tertiary pediatric intensive care unit for stabilization. 
On admission, he was started on maintenance phenobarbital and 
levetiracetam. A head CT scan revealed thrombosis within the 
superior sagittal sinus, sulcal subarachnoid hemorrhage within 
the right posterior frontal lobe, and venous infarction in the right 
frontal and parietal lobes. These findings were subsequently con- 
firmed on brain MRI and MRV. He was started on enoxaparin 
with aggressive hydration. His blood gas, glucose, liver enzymes, 
and urinalysis were all normal. However, his complete blood 
count showed microcytic anemia, and his sodium and chloride 
levels were elevated. Continuous EEG monitoring for 72 hours 
was commenced after return from the CT scan. Ongoing clinical 
and subclinical seizures were recorded, ultimately controlled after 
the addition of increased midazolam, levetiracetam, and 
fosphenytoin. 

Upon stabilization, he was transferred out of the intensive 
care unit. He continued to have intermittent episodes of brief 
rhythmic twitching of the left upper extremity of uncertain 
type; continuous EEG clarified that these were seizures. His 
anti-seizure medications again were adjusted, and his seizures 
were ultimately controlled on a combination of levetiracetam 
and carbamazepine. Upon discharge, his neurological exam 
was normal. 


Discussion 

Cerebral sinovenous thrombosis (CSVT) is a cause of 
stroke in children and neonates. Children with CSVT 
often present with diffuse clinical signs such as lethargy, 


seizures, and headache. Diagnosis may be delayed due to 
the lack of focal clinical symptoms. Brain injury from 
CSVT ranges from venous congestion to parenchymal 
ischemic injury, which is often hemorrhagic and can 
occur in the cortical or subcortical areas. Subarachnoid 
hemorrhage has also been reported, as occurred in this 
case. Risk factors for CSVT are numerous and include 
infection, fever, dehydration, anemia, head trauma, and 
underlying medical conditions such as malignancy and 
congenital heart disease. In this case, the presence of dehy- 
dration, recent illness, and anemia likely contributed to the 
development of venous thrombosis. Continuous EEG in 
encephalopathic patients with CSVT monitors for 
clinical and subclinical seizures. EEG findings in CSVT 
are variable. The EEG may be normal, may show general- 
ized background slowing, or, in the case of unilateral 
infarction, may show focal slowing or focal epileptiform 
discharges. Treatment of CSVT is supportive and aimed at 
managing underlying contributing factors and complica- 
tions (e.g, infection, seizures, electrolyte imbalance). 
Antithrombotic agents are generally recommended in chil- 
dren with CSVT. 


Key Neuromonitoring Findings 

Continuous EEG monitoring revealed rhythmic delta activ- 
ity over the right central-temporal-parietal regions. There 
was persistent delta/theta slowing over the right central- 
temporal-parietal regions (Figure C20.1) and sleep features 
were poorly formed over the right hemisphere (Figure 
C20.2). Two subclinical seizures lasting 3-4 minutes each 
with onset from the right central-temporal-parietal head 
regions were recorded on the first day of monitoring 
(Figure C20.3). Two clinical seizures with left-sided extre- 
mity twitching were also recorded on the second and third 
day of recording, one of which was prolonged, lasting 25 
minutes. 
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Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-Like 


Episodes (MELAS) 
Shatha Shafi and Blathnaid McCoy 


Clinical Presentation 

A 16-year-old male with mitochondrial encephalomyopathy, 
lactic acidosis, and stroke-like episodes (MELAS) (A3243G 
mutation) and end-stage renal disease on hemodialysis pre- 
sented with headache, vomiting, and recurrent seizures. His 
seizures were characterized by left eye deviation, secondary 
generalization, and post-ictal left extremity weakness. He was 
admitted to the intensive care unit. On initial examination he 
was awake and oriented with a left upper motor neuron facial 
palsy, left homonymous hemianopia, and left hemiparesis with 
exaggerated deep tendon reflexes. Blood gases, serum glucose, 
electrolytes, liver enzymes, complete blood count, toxicology 
screen, urine and serum amino acids, urine organic acids, and 
serum lactate and pyruvate were all normal. His deficits mark- 
edly improved two hours after high-dose L-arginine was given. 
However, he continued to have intermittent confusion and 
blurred vision. Brain MRI, MRA, and MRV showed a new 
stroke within the left basal ganglia and abnormal FLAIR/T2 
signal involving the posteromedial aspect of the right temporal 
lobe and the right mesial occipital lobe. Continuous EEG mon- 
itoring was commenced after return from MRI. This revealed 
nonconvulsive states epilepticus as the etiology of ongoing 
intermittent confusion. Upon further increase of the midazolam 
infusion seizures stopped, and after several hours of seizure 
control, midazolam reduced with return to normal mentation. 


Discussion 
Both convulsive status epilepticus (CSE) and nonconvulsive 
status epilepticus (NCSE) have been reported in MELAS [1, 2]. 


When individuals with MELAS present with acute changes in 
behavior or confusion, continuous EEG monitoring should be 
considered if there is a clinical suspicion of NCSE. There are no 
pathognomonic EEG features described in MELAS; however, 
occipital status epilepticus has previously been reported in a 
patient with this particular mutation [3, 4]. The mechanism of 
status epilepticus in MELAS is postulated to involve a cycle that 
develops after an inciting event, such as fever, glucose altera- 
tions, or headache, or cause a stroke-like episode, which may in 
turn trigger a seizure, thereby increasing metabolic demand 
and as consequence increased neuronal injury [3]. 


Key Neuromonitoring Findings 

At the onset of continuous video EEG monitoring, nearly 
continuous electrographic seizures were observed, around 
80% of which were associated with clinical confusion and the 
remaining without any clinical signs. Electrographically, the 
seizures were characterized by spiky alpha activity arising from 
the right occipital region (Figure C21.1), which evolved to 
spike-wave discharges involving bilateral posterior head 
regions. Seizures were 40-60 seconds in duration and occurred 
every 2-5 minutes. Following initiation of a midazolam infu- 
sion, the morphology of the seizures changed to rhythmic 
spiky 6-7 Hz theta activity at the right occipital region without 
any clinical signs (Figure C21.2). Upon further increase of the 
midazolam infusion rate, his seizures stopped, and the EEG 
showed normal background activity with a posterior dominant 
rhythm of 9-10 Hz, which was reactive to eye opening and eye 
closure and no interictal epileptiform discharges. 
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Parenchymal Hemorrhage with Subarachnoid Hemorrhage 


Jonathan D. Santoro and Courtney J. Wusthoff 


Clinical Presentation 

A previously healthy 12-year-old girl developed sudden onset 
headache with dizziness, nausea, and emesis while at the park 
with her family. Approximately one hour later, she collapsed. 
On arrival of emergency medical services, she had a Glasgow 
Coma Scale score of 7 and was responsive only to sternal rub. 
By arrival in the ER, she had sluggishly reactive pupils bilat- 
erally, was hemiparetic on the right side, but could provide 
thumbs up/down for responses to some questions. CT head 
scan revealed a large left fronto-parietal parenchymal hemor- 
rhage with subarachnoid hemorrhage and midline shift 
(Figure C22.1). A repeat CT scan at six hours was unchanged. 
Approximately 12 hours after initial symptoms, the patient 
had a generalized convulsion for which she received 4 mg of 
lorazepam. She received a 1 g loading dose of levetiracetam 
and was continued on 70 mg/kg/day. Angiography identified 
an arterio-venous malformation (AVM) at the nidus of 
hemorrhage. The patient underwent a left hemicraniectomy 
for decompression with external ventricular drain placement 
the night of admission to the ICU, after which EEG electrodes 
were placed. EEG monitoring continued for the next several 
days while the patient remained sedated; no further seizures 
occurred. On day 10, after clinical stabilization, the patient 
underwent resection of her AVM. She underwent heavy seda- 
tion with pentobarbital for 48 hours after her procedure to 
reduce cerebral metabolic demand and swelling. 
Subsequently, sedation was weaned over three days. Follow- 
up neuroimaging demonstrated no neurovascular residua of 
the resected AVM except for the initial hemorrhage. The 
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patient remained hemiparetic on the right side but had intact 
receptive language, although she remained expressively apha- 
sic. She was transferred to neurorehabilitation on post- 
hemorrhage day 24. 


Discussion 

Cerebral arteriovenous malformations typically have clinical 
presentation in childhood as intraparenchymal hemorrhage, 
often with concurrent subarachnoid hemorrhage. This may 
manifest as headache, collapse, and/or as seizure. Seizures are 
more common when AVMs have cortical involvement. While 
there is no evidence to support prophylactic anti-seizure med- 
ication for all children with ruptured AVM, given the risk of 
seizures after hemorrhage, EEG monitoring is warranted for 
early seizure detection and to facilitate prompt treatment. 
During and immediately after cerebrovascular neurosurgery, 
heavy sedation including barbiturate-induced coma may be 
applied to reduce cerebral metabolic demand and potential 
edema. Continuous EEG monitoring can be useful for titrating 
these agents to achieve burst suppression without excessive 
doses that may increase the risk of adverse effects such as 
hypotension. 


Key Neuromonitoring Findings 

In this case, the evolution of EEG findings mirrored the 
patient’s clinical progression. The first night of EEG 
recording followed a clinical convulsive seizure and emer- 
gency hemicraniectomy. EEG confirmed there were no 
ongoing electrographic seizures after the patient returned 


Figure C22.1 Initial CT scan on arrival demonstrating left-sided parenchymal 
hemorrhage (3.0 x 5.8 x 2.7 cm) and 6 mm of midline shift. 
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Figure C22.2 EEG recording on the first night of admission, shortly after left hemicraniectomy. Breach rhythm is evident in the left-sided channels, characterized by 
higher amplitude fast frequencies. There are superimposed left lateral periodic discharges, occurring approximately one every 2 seconds. Note electrodes Fz, Cz, and 
Pz are omitted due to the external ventricular drain. (Sensitivity 10 uV, Tc 0.1s, HF 70 Hz, 20 seconds per page.) 
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Figure C22.3 EEG on hospital day 8 shows ongoing breach rhythm, with higher amplitude activity on the left side ipsilateral to hemicraniectomy. Periodic 
discharges have improved; left slowing remains. 
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Parenchymal Hemorrhage with Subarachnoid Hemorrhage 


Figure C22.4 EEG immediately post-operatively reflects burst suppression achieved by use of heavy sedation. Suppressed segments of ~5 seconds alternate with 
bursts of activity lasting 1-4 seconds. 
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Figure C22.5 EEG on post-operative day 3, after lightening of sedation. The background is again continuous, with left hemisphere slowing and left temporal sharp 
waves. Fast frequencies are more evident in the right channels. 
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from the operating room, though it did display findings 
reflective of focal injury, ongoing risk for seizures, as well 
as expected breach rhythm (Figure C22.2). EEG subsequently 
improved as the patient became clinically stable, with reduc- 
tion of periodic discharges though ongoing asymmetry 


(Figure C22.3). Immediately post-operatively, EEG was used 
to titrate sedation with the goal of maintaining burst suppres- 
sion (Figure C22.4). As sedation was reduced, the EEG 
became more continuous, though with ongoing asymmetry 
reflective of the resected lesion (Figure C22.5). 
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Non-Accidental Injury 
Cecil D. Hahn 


Clinical Presentation 

A previously healthy 9-week-old boy was being breastfed by his 
mother when he became unresponsive and apneic. The mother 
called emergency medical services; upon arrival they could not 
find a pulse. Cardiopulmonary resuscitation was started. The 
pulse returned, but the baby remained apneic and received bag 
and mask ventilation while transported to a community hos- 
pital. Upon arrival, the baby was awake and moving but lethar- 
gic. Twitching movements of the limbs were noted, and he was 
given a loading dose of fosphenytoin. The baby was sedated, 
paralyzed, and intubated, then transferred to a specialty pedia- 
tric hospital for further care. Upon arrival, he was sedated on 
midazolam and morphine infusions. Upon exam, the fontanel 
was bulging. There was no spontaneous eye opening or limb 
movement, only slight withdrawal to noxious stimuli in all four 
extremities. There was diffuse hypotonia of the trunk and 
limbs. Deep tendon reflexes were very brisk throughout, with 
2-3 beats of ankle clonus bilaterally. A complete blood count, 
venous blood gas, serum lactate, liver enzymes, and tests of 
clotting function were all normal. A CT head (Figure C23.1) 
demonstrated loss of gray-white differentiation within both 
cerebral hemispheres with some effacement of the sulci at the 
vertex. A subdural hematoma was noted adjacent to the super- 
ior sagittal sinus, along the posterior falx, tentorium, and 
posterior fossa. Because of persistent altered mental status, 
high risk for seizures in the context of acute brain injury, and 
compromised clinical assessment due to ongoing sedation, 
continuous EEG monitoring was commenced. Continuous 
EEG demonstrated recurrent seizures of multifocal onset 
(Figure C23.3). An MRI the following day (Figure C23.2) 
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demonstrated extensive cortical and subcortical diffusion 
restriction with sparing of the thalami and basal ganglia, and 
an extensive subdural hematoma as initially demonstrated on 
CT. 


Discussion 

Children with traumatic brain injury are at risk for early post- 
traumatic seizures (occurring within 7 days of injury). Those 
with non-accidental mechanisms of injury, younger age, and 
intra-axial hemorrhage appear to be at particularly high risk 
[1, 2, 3]. Electrographic seizures have been reported in 42% of 
children with mild-severe acute traumatic brain injury requir- 
ing intensive care who were monitored prospectively with 
continuous EEG, with electrographic-only (subclinical) sei- 
zures in 16% [1]. The occurrence of seizures has been asso- 
ciated with increased duration of hospital stay and worse 
functional outcome. Consequently, continuous EEG monitor- 
ing has been recommended for all children with traumatic 
brain injury requiring intensive care, particularly those who 
present with altered mental status (e.g., a Glasgow Coma Scale 
score of <8). Continuous EEG monitoring can also assist with 
prognostication. Absence of EEG background reactivity has 
been associated with poor outcome, particularly if the EEG 
background does not improve over the course of the EEG 
recording [4]. Preservation of sleep architecture (e.g., sleep 
spindles, vertex waves) is a favorable prognostic sign [3]. 


Key Neuromonitoring Findings 
Recurrent, bilateral independent electroclinical seizures con- 
sisting of subtle right and left hand twitching were apparent 


Figure C23.1 Unenhanced CT head obtained on 
the day of presentation demonstrating loss of gray- 
white matter differentiation within both cerebral 
hemispheres diffusely, with effacement of the sulci 
at the vertex. There is hyperdense subdural 
hematoma to the left of the superior sagittal sinus, 
along the posterior falx, along the tentorium, and in 
the posterior fossa. There was no evidence of 
venous sinus thrombosis. 
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Figure C23.2 MRI brain obtained the 
following day. Panel A (sB 1000) demonstrates 
extensive cortical and subcortical diffusion 
restriction involving all lobes of the cerebral 
hemispheres. The basal ganglia, thalami, and 
posterior limbs of the internal capsule appeared 
normal. Panel B (T1-weighted, post-gadolinium) 
again demonstrates the extensive subdural 
hematoma initially visualized on CT. 


Figure C23.3 First day of cEEG recording demonstrating recurrent left and right electroclinical seizures lasting on average 2 minutes, which persisted for about 2 
hours. (Top panel: longitudinal AP bipolar montage, Sensitivity 7 UV/mm, Time base 10 mm/sec, LFF 1 Hz, HFF 70 Hz. Bottom panel: 8-channel amplitude-integrated 
EEG, 6-hours per page, with blue cursor corresponding to the raw EEG displayed in the top panel.) 


from the onset of EEG monitoring on both the raw EEG and 
amplitude-integrated EEG tracings (Figure | C23.3). 
Following administration of phenobarbital 20 mg/kg, the 
seizures stopped and the background activity become atte- 
nuated (Figure C23.4). About one hour later, focal seizures 


References 


1. Arndt DH, Lerner JT, Matsumoto JH, et al. 
Subclinical early posttraumatic seizures 
detected by continuous EEG monitoring 
in a consecutive pediatric cohort. Epilepsia. 
2013,54(10):1780-8. 

(5):755-62. 


https://doi.org/10.1017/9781316536001.038 Published online by Cambridge University Press 


2. Liesemer K, Bratton SL, Zebrack CM, 3. 
Brockmeyer D, Statler KD. Early 
post-traumatic seizures in moderate to 
severe pediatric traumatic brain injury: 
rates, risk factors, and clinical 
features. J Neurotrauma. 2011;28 


recurred, initially over the left frontal and then right frontal 
head regions (Figures C23.5 & C23.6). Following an addi- 
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Figure C23.4 Following administration of phenobarbital, seizures cease and the background activity becomes attenuated, with occasional sleep spindles visible 


over the right central head region. 
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Figure C23.5 One hour later, focal seizures recur, initially over the left frontal head region, lasting 60 seconds. 
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Figure C23.6 Shortly thereafter, focal seizures recurred over the right frontal head region lasting 45-60 seconds. 
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Bacterial Meningitis 
Adam Wallace and Eric T. Payne 


Clinical Presentation 

Following a normal pregnancy and delivery, an 11-day-old 
term neonate suffered an out-of-hospital acute respiratory 
arrest and multiple clinical seizures after several days of 
poor feeding. The patient received cardiopulmonary resus- 
citation and upon arrival to hospital was intubated and 
treated for septic shock. Physical exam revealed a Glasgow 
Coma Scale score of 6, hypothermia to 36°C, and fixed and 
dilated pupils. His corneal and gag reflexes were present, 
and his anterior fontanelle was flat. Early head CT demon- 
strated mild hydrocephalus and large diffuse areas of hypo- 
density suspicious for ischemia. Cerebral spinal fluid 
analysis showed 27,000 nucleated cells and grew E. coli. 
Continuous EEG monitoring demonstrated refractory non- 
convulsive status epilepticus (Figures C24.1-C24.3). 
Subclinical seizures subsided after treatment with 
a midazolam infusion. Over the next 12 hours, frequent 
repetitive clinical paroxysms suspicious for cortically gen- 
erated myoclonus vs. hiccups emerged (Figure C24.4). 
A brief rocuronium infusion confirmed non-cortical hic- 
cups and diffuse cerebral inactivity. Repeat neuroimaging 
revealed complete cerebral ischemia, intraventricular deb- 
ris, and tonsillar herniation. Care was withdrawn 72 hours 
after hospital admission following demonstration of clinical 
brain death. 
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Discussion 

Central nervous system infections (meningitis, encephalitis, brain 
abscess, etc.) can cause direct cell damage and secondary brain 
injury through seizures, hydrocephalus, increased intracranial 
pressure, and strokes (ischemic and hemorrhagic). These patients 
are often obtunded or even comatose, and at high risk for sub- 
clinical seizures, thus necessitating the use of continuous EEG 
monitoring. Post-anoxic brain injury is frequently associated with 
myoclonus and myoclonic status epilepticus. In a critical care 
setting it can be challenging to differentiate cortical from non- 
cortical myoclonus, especially when repositioning the patient is 
not feasible. The brief use of a paralytic agent (when possible to 
safely administer) can help eliminate movement artifact and allow 
for a more reliable assessment of cortical activity [1]. Since 
paralytic medications (i.e., rocuronium) have no impact on cor- 
tical activity, if the paroxysmal movement is cortically generated, 
then the EEG discharge would persist during pharmacological 
paralysis. If the EEG activity is due to movement artifact, then it 
would resolve with pharmacological paralysis. 


Key Neuromonitoring Findings 

Continuous EEG monitoring was applied within a few hours of 
hospital admission and identified a highly suppressed, non- 
reactive background with multifocal subclinical seizures aris- 
ing independently from both hemispheres (Figure C24.1). 
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Figure C24.1 Raw EEG from the first hour of monitoring demonstrates independent, multifocal subclinical seizures and a diffusely suppressed and non-reactive 
background. During this brief epoch, focal seizures arise independently over the left frontal (F3), left anterior temporal (F7), right central (C4), and right parietal (P8) 


regions. 
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Figure C24.2 A 60-minute quantitative EEG trend panel (left) demonstrates recurrent and prolonged multifocal seizures that are confirmed on raw EEG (right) and 
consistent with nonconvulsive status epilepticus. (A) Left frontal lobe seizure. (B) Right frontotemporal seizure. (C) Left frontal and independent left temporal seizures 
are followed by an overlapping but independent right frontotemporal seizure. 
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Figure C24.3 A 90-minute quantitative EEG trend panel (right). The vertical blue line on the quantitative trend panel corresponds to the raw EEG displayed on the 
eft during a focal left hemisphere seizure. The suppression ratio on the quantitative trend panel increases to 100% as the anti-seizure medications are titrated and 
only drops below 100% during left hemisphere seizures. 
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Figure C24.4 Raw EEG during repetitive body jerks. Each jerk correlates electrographically with a posterior predominant generalized "discharge" and is followed by 
an amplitude elevation on the respiratory belt. After administration of rocuronium, the body jerks and EEG "discharges" cease, confirming their non-cortical origin. 


A midazolam infusion was titrated to electrographic sei- 
zure cessation. The quantitative EEG trend panels were 
very accurate and useful at discerning seizure location and 
duration (Figures C24.2 & C24.3). Repetitive clinical par- 
oxysms consisting of diffuse body jerks emerged, which 
correlated on EEG with a generalized posterior predomi- 
nant discharge that resolved after administration with 
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rocuronium (Figure C24.4). Each clinical jerk had caused 
the posterior head leads to make contact with the 
bed generating an artifactual EEG "discharge." Since 
myoclonic seizures often correlate on EEG with frontally 
predominant spike-wave discharges, the posterior predo- 
minance of this patient's discharges was a clue to their 
non-cortical origin. 
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Traumatic Brain Injury 


Daad Alsowat, Ayako Ochi, and Cecil D. Hahn 


Clinical Presentation 

A previously healthy 2-month-old boy was a rear passenger in a 
high-speed motor vehicle accident. He was restrained in the baby 
seat and responsive on the scene. When he arrived at a local 
hospital, he had a Glasgow Coma Scale score of 3 and unequal 
pupils (left > right) with the left pupil less responsive, left-sided 
extensor posturing and central apneic episodes. He was trans- 
ferred to a tertiary pediatric hospital; upon admission to the 
intensive care unit, his right pupil was 2 mm and reactive and 
left pupil 3 mm and not reactive. Corneal and oculocephalic 
reflexes were present, and he demonstrated a weak cough. His 
tone was flaccid, deep tendon reflexes were exaggerated, there 
were no spontaneous movements, and there was no response to 
deep painful stimuli. An initial brain CT showed diffuse subar- 
achnoid hemorrhage and cerebral edema. A second CT per- 
formed 9 hours later showed significant interval progression of 
cerebral edema, likely due to diffuse ischemia with effacement of 
the ventricles and cisterns. Continuous EEG monitoring was 
commenced 17 hours after the first CT. Continuous EEG mon- 
itoring showed multifocal subclinical status epilepticus. 


Midazolam infusion was initiated (Figures C25.1-C25.5). 
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Discussion 

Traumatic brain injury (TBI) is a major cause of morbidity and 
mortality in children. TBI is thought to occur in two phases. 
The primary injury phase occurs immediately after mechanical 
forces distort the brain tissue, causing parenchymal and vas- 
cular damage. A subsequent, secondary injury phase is asso- 
ciated with failure of cerebral autoregulation and an increase in 
brain metabolism, leading to cerebral ischemia, release of 
excitatory neurotransmitters, and cellular energy failure. 
There is concern that seizures may exacerbate this secondary 
brain injury; early post-traumatic seizures are associated with 
increased mortality and worse neurodevelopmental outcomes. 
Early post-traumatic seizures have been reported in up to 
42.5% of children following TBI [1]. Subgroups of children at 
particularly high risk for seizures include those younger than 
2.4 years and victims of abusive head trauma. The majority of 
early post-traumatic seizures are subclinical, and therefore 
require continuous EEG monitoring for their identification. 
The presence of early diffuse slowing on EEG in children with 
TBI is associated with delayed patient recovery and poor func- 
tional outcomes. Continuous EEG monitoring allows for 


Figure C25.1 (A) Brain CT on day 1 post-injury 
shows diffuse subarachnoid hemorrhage and 
cerebral edema. (B) Brain CT 9 hours after the first CT 
shows significant interval progression of brain 
swelling, likely related to diffuse ischemia, with 
effacement of the ventricles and cisterns. Also there 
is interval increase in size of the subarachnoid 
hemorrhage and subdural bleed in the posterior 
ossa. (C) Brain MRI (axial diffusion-weighted 
imaging) on day 5 post-injury shows diffuse 
parenchymal edema, and ischemia is again seen in 
he cerebral hemispheres bilaterally with swelling 
and diffusion restriction. In addition, there was 
extensive loss of normal gray-white matter 
differentiation noted bilaterally involving all lobes 
FLAIR sequence, not shown). (D) Five months after 
he TBI, brain MRI (axial FLAIR) shows interval 
evolution of supra- and infratentorial extra-axial 
hemorrhages with small supra- and infratentorial 
residual collections noted in place. There is 
extensive supratentorial cystic encephalomalacia 
with associated laminar necrosis and volume loss. 


Traumatic Brain Injury 
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Figure C25.2 cEEG at 17 hours after the first CT. Left panel shows the raw EEG tracing illustrating lateralized periodic discharges at O2. Right panel shows 

he 8-channel color spectrogram (CSA) at a time scale of 8 hours per page. The corresponding cursors on the EEG and CSA panels indicate the same point 


in time. The CSA panel illustrates periodic epochs of higher power in the two channels containing O2 electrode corresponding to the lateralized periodic 
discharges seen on the raw EEG. 
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Figure C25.3 cEEG at 21 hours after the first CT. Left panel shows the raw EEG tracing illustrating a subclinical seizure consisting of rhythmic 1-1.5 Hz spike-and- 
wave activity over the right fronto-central-temporal head region. Right panel shows the 8-channel CSA at a time scale of 8 hours per page, illustrating a sustained 
epoch of higher power over the right fronto-central head region corresponding to the continuous spike-and-wave discharges seen on the raw EEG. 
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Figure C25.4 Nineteen minutes after Figure 25.3, continuous rhythmic 1-1.5 Hz sharp waves are now seen over the left fronto-temporal head region on the raw 
EEG in the left panel, and on CSA in the right panel. Note how the higher power activity has shifted from the right to the left hemispheric electrodes on CSA. This 
seizure lasted a total of 33 minutes. 
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Figure C25.5 Subclinical status epilepticus was stopped after 36 hours by midazolam infusion. Left panel shows that the raw EEG background activity is 
suppressed, with frequent low amplitude sharp waves at F8-14, F4, Cz, F7-13, T5, and F3. There was no reactivity of the EEG to painful stimulation. There was no sleep 
architecture. The right panel shows the corresponding CSA tracing illustrating diffusely lower power. 
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accurate diagnosis and timely treatment of post-traumatic 
seizures, which may mitigate secondary injury [2, 3, 4, 5]. 


Key Neuromonitoring Findings 

EEG findings soon after injury correlate with the location and 
severity of brain injury and prognosis. For example, a slow 
monotonous pattern has been associated with a prolonged 
coma and poor prognosis. Normal sleep architecture and EEG 
reactivity correlate with favorable outcome. Lack of spontaneous 
arousal activity correlates with death or a vegetative state. The 
interictal EEG may be normal or may show focal or multifocal 


Traumatic Brain Injury 


interictal spikes or spike-and-wave discharges over the 
location(s) of the traumatic brain injury. Risk factors for 
subclinical seizures include younger age, abusive head 
trauma, and intra-axial hemorrhage. In this case, continu- 
ous EEG monitoring showed multifocal subclinical status 
epilepticus. The background activity was markedly sup- 
pressed. There was no EEG reactivity or spontaneous arou- 
sal activity. After midazolam controlled the subclinical 
status epilepticus, the background activity remained diffu- 
sely attenuated and there were multifocal interictal epilep- 
tiform discharges. 
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Acute Pediatric Stroke 


Saptharishi Lalgudi Ganesan and Cecil D. Hahn 


Clinical Presentation 

A previously healthy 2-month-old girl presented with a 2-day 
history of nasal congestion, lethargy, and poor feeding. On the 
second day of illness, she developed eye deviation and twitch- 
ing of arms. There was no history of fever or trauma. On 
presentation to the community hospital, she was found to 
have right-sided seizures, which were treated with anti-seizure 
medicines. She developed respiratory failure, requiring endo- 
tracheal intubation and ventilation. Her initial CT head 
showed right cerebral hemispheric hypodensity, loss of gray- 
white differentiation, and severe edema. In view of her worsen- 
ing neurological status, with bulging anterior fontanelle and 
cerebral edema on her scan, she received hypertonic saline, 
broad-spectrum antibiotics, and antivirals. She was managed 
with neuroprotective measures and aggressive seizure control. 
Her MRI scan revealed extensive diffusion restriction with loss 
of gray-white matter differentiation involving cortex, subcor- 
tical, and deep white matter of almost the entire right cerebral 
hemisphere and left frontal lobe. Diffusion restriction was also 
seen in the right-sided corpus callosum, posterior limb of 
internal capsule, and corticospinal tract extending down to 
the pons. MR angiography showed diffuse vasculopathy with 
marked attenuation of the supra-clinoid portion of carotid 
arteries and narrowing of the proximal anterior and middle 
cerebral arteries bilaterally. Attenuation of proximal basilar 
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with superimposed beading was also noted. The neuroimaging 
was suggestive of a diffuse vasculopathic process and large 
strokes. She received anticoagulation, high-dose steroids (to 
treat potential inflammatory etiologies), and supportive mea- 
sures in the intensive care unit. She also had continuous EEG 
monitoring (Figures C26.1-C26.2) during the two days that 
she was in the ICU. Despite these interventions, she continued 
to deteriorate clinically, with her second MRI showing exten- 
sion of the infarction to her left hemisphere. In view of her 
severe neurological injury, parents wanted to discontinue 
aggressive interventions and withdraw life-sustaining thera- 
pies. She was extubated in the presence of her family and 
died peacefully in their arms. 


Discussion 

Etiology of the large hemispheric infarcts appeared to be 
unclear and likely related to the vasculopathy evident on MR 
angiography. Moyamoya disease is a cerebrovascular disorder 
characterized by the progressive occlusion of the supra-clinoid 
internal carotid artery and other intracranial vessels. 
Moyamoya disease in young children could present as rapidly 
progressing cerebral infarction with neurological deficits or 
seizures, as in this case [1]. There are descriptions of a similar 
attack of cerebral infarction on the contralateral side shortly 
after disease onset [2-4]. The aggressive natural course and 
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Figure C26.1A Consecutive pages of cEEG in a neonatal longitudinal bipolar montage. A subtle electrographic seizure is noted [highlighted in red] with onset in 
the right frontal head region (A) and subsequent spread to the right central head region (B). Recognition of this child's seizures was complicated by widespread ECG 


artifacts [highlighted in blue]. 


https://doi.org/10.1017/9781316536001.041 Published online by Cambridge University Press 


Acute Pediatric Stroke 
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Figure C26.2 Composite figure showing two epochs of raw EEG (top panel) and 8-channel amplitude-integrated EEG (bottom panel), with aEEG segments 
corresponding to the raw EEG above noted in red. The first segment (A) demonstrates asymmetric background activity with attenuation over the right hemisphere. 
The second segment (B) approximately 1 hour later demonstrates abrupt onset of diffuse background attenuation due to new left hemispheric ischemia. 


poor clinical outcome in this age group are well documented. ^ testing. The EEG can be very useful at the bedside in the 
In this case, the etiology for the vasculopathy could not be ^ neurocritical care unit and reflects integrity of the underlying 
identified despite extensive evaluation including genetic neuronal circuits [5]. In this case, abrupt change in the 
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Saptharishi Lalgudi Ganesan and Cecil D. Hahn 


background was captured on raw EEG and changes in quanti- 
tative EEG display trends (amplitude-integrated EEG) sug- 
gested acute ischemia in the left hemisphere. 


Key Neuromonitoring Findings 

EEG background in this case showed continuous, low-ampli- 
tude (30-50 uV) delta waves in the right hemisphere and 
moderate-amplitude (250 uV) delta and theta waves on the 
left hemisphere. Sleep spindles were seen only on the left hemi- 
sphere. ECG artifacts were most prominent at Al, A2, Fpl, 


Fp2. Intermittent sharp waves were seen at T3 and C3. 
Progressively the background became more suppressed with 
amplitude «25 uV. Three brief focal subclinical seizures were 
seen originating from the right fronto-temporal region. On day 
2 of monitoring, there was an abrupt attenuation of the back- 
ground over the left hemisphere. Subsequently, over the next 
hour, it became severely attenuated like the right hemisphere. 
The MRI done thereafter showed extension of the infarction to 
the left hemisphere. This case demonstrates the ability of EEG 
to detect cerebral ischemia in real time. 
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Autoimmune Encephalitis 
William B. Gallentine 


Clinical Presentation 

A 16-year-old female presented with episodic confusion and 
disorientation. One week prior to symptom onset she had signs 
of an upper respiratory tract infection. Two days prior to 
presentation, she began complaining of diffuse headache and 
seemed to be more forgetful. On the day of presentation, she 
had episodes of confusion with associated lip smacking and 
fumbling with both hands. These episodes would last a few 
minutes, followed by periods of lucidity. She then started 
having erratic behaviors including paranoia, rapid mood 
swings with paroxysms of laughter followed by crying, as well 
as visual and auditory hallucinations. Over the next few days 
her speech became nonsensical. Head CT and MRI brain scans 
with contrast were normal. Lumbar puncture revealed 46 WBC 
(97% lymphocytes), with no organisms seen on gram stain. 
CSF glucose and protein were normal, and CSF HSV PCR was 
negative. Twenty-four hours after initial presentation she 
developed two episodes of generalized stiffening followed by 
rhythmic jerking, with eye deviation to the right lasting 2 min- 
utes. The previously described behaviors continued, with wor- 
sening confusion and shorter periods of lucidity. She also 
developed oral dyskinesias and severe insomnia. cEEG mon- 
itoring revealed frequent focal seizures coming from the left 
temporal lobe (Figure C27.1) which were refractory to numer- 
ous antiepileptic drugs. One week into the illness, CSF tested 
positive for anti-N-methyl-p-aspartate (NMDA) receptor 
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Figure C27.1 Left temporal lobe electrographic seizure. 
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antibodies. She was found to have an ovarian teratoma that 
was subsequently resected. She was treated with IV methyl- 
prednisolone, IVIG, and rituximab. Six months after initial 
presentation, she had fully recovered. 


Discussion 

This case is an excellent example of how bedside QEEG may 
reduce the time from seizure onset to seizure recognition. In 
Figure C27.2, the black arrow illustrates when the cEEG was 
last reviewed by a neurophysiologist at around 1:30 p.m. 
Because this patient had been on cEEG for 12 hours prior to 
this review without any evidence of seizures, the next routine 
review was scheduled for 5:00 p.m. (red arrow). However, at 
around 2:00 p.m. the patient began having 10-12 seizures 
per hour, which went undetected until the next scheduled 
cEEG review. Had QEEG trends been available at this child's 
bedside, seizure recognition by bedside caregivers may have 
occurred much sooner, allowing for more rapid intervention. 


Key Neuromonitoring Findings 

Individuals with anti-NMDA receptor encephalitis commonly 
have diffuse or focal EEG background slowing. One third of 
patients have a unique pattern known as extreme delta brush, 
named for its resemblance to the delta brush pattern com- 
monly seen in preterm neonates. The presence of extreme 
delta brushes has been associated with worse outcomes. 
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Figure C27.2 QEEG trend panel (from top to bottom: seizure probability index, rhythmicity spectrogram, fast Fourier transform [FFT] spectrogram, relative 


asymmetry spectrogram, amplitude-integrated EEG) revealing recurrent left temporal lobe electrographic seizures. Black and red arrows indicate the timing of 
routine cEEG review in this case. 


Multifocal interictal spikes are also commonly seen in anti- ^ encephalitis, this patient developed very frequent drug- 
NMDA receptor encephalitis, as well as in other autoimmune resistant temporal lobe seizures (Figure C27.1), which were 
epilepsies. Like many patients with anti-NMDA receptor visualized quite well on QEEG trends (Figure C27.2). 


References receptor encephalitis. Neurology. 2012 clinical characteristics and 

l. Schmitt SE, Pargeon K, Frechette ES, Sep 11;79(11):1094-100. response to immunotherapy. 
et al. Extreme delta brush: a unique EEG 2, Quek AM, Britton JW, McKeon A, Arch Neurol. 2012 May;69(5): 
pattern in adults with anti-.N MDA et al. Autoimmune epilepsy: 582-93. 
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Febrile Infection-Related Epilepsy Syndrome (FIRES) 


Eric T. Payne, Adam Wallace, and Cecil D. Hahn 


Clinical Presentation 

A 12-year-old developmentally and cognitively normal boy pre- 
sented in clinical status epilepticus (SE) following a week-long 
febrile (viral) respiratory illness. Treatment with anti-seizure med- 
ications led to resolution of clinical SE. However, continuous EEG 
monitoring (cEEG) quickly confirmed ongoing, refractory, non- 
convulsive SE (Figures C28.1 & C28.2). A barbiturate infusion was 
necessary on day 3 to combat his now super refractory SE. Over 
the next few weeks, subclinical seizures re-emerged when the 
barbiturate infusion rate was decreased, despite attempts at con- 
trol by introducing other anti-seizure medications (levetiracetam, 
fosphenytoin, topiramate, ketamine, lacosamide, and methylpred- 
nisolone), as well as a 4:1 ketogenic diet. During this time, exten- 
sive investigations returned normal; the patient was diagnosed 
with febrile infection-related epilepsy syndrome (FIRES). The 
barbiturate infusion was weaned off after 6 weeks, although inter- 
mittent focal subclinical seizures continued. Sequelae from this 
prolonged infusion included hypotension requiring multiple 
pressors, infections (ventilator acquired pneumonia, urinary 
tract infection), ileus, venous thrombosis, hypersensitivity drug 
reaction, tracheostomy, and G-tube insertion. Repeat neuroima- 
ging showed only mild diffuse atrophy. One year after discharge, 
he had refractory epilepsy and remained with severe motor and 
cognitive deficits requiring ongoing rehabilitation. 


Discussion 
FIRES is a devastating epileptic encephalopathy of unclear etiol- 
ogy, although evidence for an inflammatory pathophysiology is 
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emerging [1, 2]. FIRES most commonly affects school-age chil- 
dren. Following a nonspecific febrile illness, affected children 
experience frequent repetitive multifocal seizures that are notor- 
iously refractory to anti-seizure medications and often require 
anesthetic infusion to induce variable degrees of background 
suppression. cEEG monitoring is essential to detect and treat 
subclinical seizures. Outcomes in these children are most often 
poor, although some can achieve a relatively good outcome [1, 2], 
particularly when the need for prolonged anesthesia can be 
avoided [3]. 


Key Neuromonitoring Findings 

During the first hour of cEEG, multifocal repetitive seizures 
arose independently over both hemispheres in the context of a 
continuous background and bilateral independent periodic dis- 
charges (Figure C28.1) sometimes with concurrent contralateral 
seizures (Figure C28.2). As a high-dose midazolam infusion was 
increased, generalized periodic discharges (GPDs) and a burst 
suppression pattern emerged, yet seizures continued to break 
through (Figure C28.3). A barbiturate coma extended the inter- 
burst interval (at times exceeding 5 minutes) and led to 
improved seizure control. However, the patient remained on 
the ictal-interictal continuum [4] for the next 6 weeks of mon- 
itoring, fluctuating between GPD burst suppression (varying 
inter-burst intervals), continuous and rhythmic GPDs, and 
definite electrographic seizures (Figure C28.3). Stimulus- 
induced periodic discharges and seizures are common in this 
clinical scenario (Figure C28.4) [5]. 


Figure C28.1 Bilateral independent periodic discharges over the left and right temporal lobes (T5 & T6) were apparent immediately upon initiation of continuous 


EEG monitoring. 
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Figure C28.3 Ictal-interictal continuum during ongoing barbiturate (high-dose phenobarbital) coma for super-refractory status epilepticus. (A) Generalized 
periodic discharges (GPDs), <1 Hz, variable frequency over time. (B) GPDs intermixed with a brief (3-second) subclinical bi-hemispheric "ictal-like" discharge. (C) 
Rhythmic and continuous GPDs, 1-2 Hz, lacking clear electrographic evolution and any clinical correlate. (D) Rhythmic GPDs evolve to produce a sustained subclinical 
bi-hemispheric seizure. 
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Figure C28.4 Regular clinical assessment of pupil reactivity intermittently produced stimulus-induced (flashlight) bi-hemispheric subclinical seizures. In this 
instance, a GPD had just fired prior to flashlight stimulation, triggering the seizure. 
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Baclofen Intoxication 


Chusak Limotai, Iris Noyman, and Cecil D. Hahn 


Clinical Presentation 

A previously healthy 14-year-old girl was found by her par- 
ents unconscious in bed in a pool of vomit. She was last 
observed to be normal 6 hours earlier. Paramedics were 
called, and she was intubated on the scene and rushed to 
hospital. Upon arrival she was normotensive, bradycardic, 
and made no respiratory effort. She had a Glasgow Coma 
Scale score of 3 and absent brainstem and deep tendon 
reflexes. Blood gases, serum glucose, electrolytes, liver 
enzymes, a complete blood count, and toxicology screens of 
urine and blood were normal. No improvement was seen 
following administration of glucose or naloxone. She subse- 
quently developed hypotension requiring a dopamine infu- 
sion. Brain CT was normal. She was admitted to the intensive 
care unit, where upon reexamination her pupils remained 
fixed at 4 mm bilaterally, but corneal and oculocephalic 
reflexes were present and she demonstrated a weak cough. 
Her tone was flaccid, deep tendon reflexes were absent, there 
were no spontaneous movements, and there was no response 
to deep painful stimuli. Brain MRI, MRA, and MRV were 
normal. CSF examination was normal. Continuous EEG 
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monitoring was commenced after return from MRI (Figures 
C29.1-C29.4). She regained consciousness 35 hours after 
coma onset. Upon further questioning, it became clear that 
she had deliberately overdosed on her grandmother's “back 
pain medication," oral baclofen. 


Discussion 

Baclofen, a derivative of gamma-aminobutyric acid (GABA), is 
an agonist at presynaptic GABAg receptors in the spinal cord 
and also has central nervous system depressant effects. 
Baclofen is primarily used to treat spasticity. Toxicity may 
result from oral or intrathecal overdose. Signs and symptoms 
of baclofen toxicity include nausea, ataxia, and agitation, fol- 
lowed by profound coma, flaccid areflexia, respiratory depres- 
sion, absent brainstem reflexes including pupillary responses, 
hypotension, bradycardia or tachycardia, hypersalivation, 
hypothermia, myoclonus, and seizures. There is no antidote, 
so treatment is limited to supportive care. Complete recovery is 
common, but deaths have been reported due to rhabdomyo- 
lysis and multisystem organ failure. 
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Figure C29.1 cEEG was started 14 hours after coma onset, demonstrating generalized periodic discharges (GPDs). There was no reactivity of the EEG to painful 


stimulation (see annotation). 
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resulted in greater background discontinuity but no clinical change. 


Key Neuromonitoring Findings 


Reported EEG findings of baclofen intoxication include a burst 
suppression background, generalized polymorphic or mono- 
morphic delta activity, and generalized periodic discharges, 
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clinical presentation and EEG suppression, and the normal 


which may have triphasic morphology and may be stimulus detecte 


induced. In this case, the discordance between the severe 
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Intraventricular Tumor 
Adam Wallace and Eric T. Payne 


Clinical Presentation 

A 2-week-old, ex-35 week gestation girl presented to hospital 
with persistent vomiting and a bulging anterior fontanelle. 
Neuroimaging demonstrated a large intraventricular tumor 
causing obstructive hydrocephalus (Figure C30.1A). Pathology 
confirmed a grade IV embryonal tumor. Despite chemotherapy, 
the tumor continued to grow. At age 3 months, resection with a 
right frontal transcallosal approach was performed. Only partial 
resection was possible due to difficulty with excessive bleeding. 
On post-operative day 2, during sedation wean, paroxysmal 
events of left lower extremity clonic activity and sustained 
gaze deviation to the left were observed. Continuous video- 
EEG monitoring confirmed clinical and subclinical seizures 
emanating from the right frontocentral region (Figure C30.2). 
Anticonvulsant medications were promptly administered, and 
seizures abated. Repeat neuroimaging demonstrated residual 
blood products and expected post-operative changes along the 
surgical tract but no evidence of ischemia (Figure C30.1B). 


Discussion 

Neurosurgical manipulation can be complicated by post- 
operative seizures. The transcallosal and transcortical 
approaches for accessing ventricular tumors are associated 
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approaches to lesions in and around the 
lateral and third ventricles: a single- 


with a particularly increased risk for post-operative sei- 
zures [1]. Furthermore, since patients often remain 
sedated following neurosurgical intervention, seizures are 
often subclinical. Following neurosurgical intervention, 
careful clinical observation and a low threshold for con- 
tinuous EEG monitoring are necessary for accurate sei- 
zure detection. In this instance, EEG-confirmed seizures 
were found to originate over cortex adjacent to the surgi- 
cal tract. 


Key Neuromonitoring Findings 

Continuous EEG monitoring revealed a background activity 
that was continuous, of moderate amplitude, and reactive to 
stimulation. Excessive negative sharp transients were present, 
consistent with a mild degree of encephalopathy of nonspecific 
etiology. Prior to any seizures being observed, focal repetitive 
negative sharp transients occurred over the right frontocentral 
and central midline regions, suggesting a propensity toward 
focal onset seizures. A quantitative EEG trend panel clearly 
demonstrated four brief focal right hemisphere seizures 
(Figure C30.2A). These seizures were subclinical. Full EEG 
confirmed a focal seizure arising over the right frontocentral 
region (Figure C30.2B,C). 


institution experience. Neurosurgery. 
2010;67(6):1483. 


Figure C30.1 Brain MRI pre- and post- 
transcallosal tumor debulking. (A) Pre-operative 
coronal T1 with gadolinium demonstrates a large 
heterogeneous non-enhancing cystic third 
ventricular mass that extends into the lateral 
ventricles and posterior fossa causing obstructive 
hydrocephalus. (B) Post-operative coronal T1 with 
gadolinium demonstrates post-operative changes 
in the right frontal and interhemispheric regions. 
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Rhythmicity Spectrogram, Left Hemisphere 
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Figure C30.2 Continuous EEG monitoring began 
52 hours post-surgery to characterize clinical 
paroxysms suspicious for seizures. (A) A 30-minute 
epoch of quantitative EEG clearly identifies four 
electrographic seizures arising over the right 
hemisphere (right rhythmicity spectrogram, right 
FFT [power] spectrogram, right asymmetry 
spectrogram, and elevated lower and upper margins 
on amplitude-integrated EEG). (B & C) Focal 
electrographic seizure arises over the right central 
area and rapidly spreads to the right frontal and 
midline frontal areas. 
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Multimodality Monitoring of Acute Stroke 


Shefali Aggarwal and Brian Appavu 


Clinical Presentation 

A 6-year-old female with congenital heart disease (atrioventricu- 
lar septal defect, pulmonary atresia with fenestrated Fontan 
repair) was admitted for worsening heart failure. Her course 
was complicated by line-related non-occlusive upper extremity 
deep vein thromboses, treated with enoxaparin. One week into 
her hospital course, she developed sudden loss of bladder and 
bowel control with progressively altered mental status and gait 
instability. Stat CT head scan was unremarkable. The following 
morning, her mental status remained altered, and she developed 
a new right-sided hemiplegia and facial droop with concern for 
acute middle cerebral artery (MCA) stroke. Her last known well 
time was 12-16 hours prior to presentation. Bedside transcranial 
Doppler (TCD) ultrasound showed asymmetric MCA mean flow 
velocities (MFVs), with normal right MCA MFVs at 46 cm/sec 
and decreased left MCA MFVs at 24 cm/sec with dampened 
waveform morphology (thrombolysis in brain ischemia [TIBI] 
classification III) (Figures C31.1 & C31.2). MRI brain showed 
complete left MCA occlusion (proximal M1 segment) with infarc- 
tion in the left basal ganglia and external capsule (Figure C31.3A, 
B). An urgent cerebral angiogram with mechanical thrombect- 
omy was performed. Two clots were successfully removed. Post- 
operatively, she was placed on neurological monitoring including 
continuous EEG, cerebral regional oximetry, and daily TCDs. 
EEG showed polymorphic delta slowing over the left hemisphere 
and quantitative EEG (QEEG) analysis revealed a decreased left 
anterior spectral edge frequency and alpha-delta ratio as com- 
pared to the right anterior head region (Figure C31.4). TCD 
velocities improved following her revascularization procedure. 
She received post-stroke standard of care, was started on anti- 
coagulation and anti-platelet therapy, and later received a heart 
transplant. 
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Discussion 

This case highlights the utility of advanced neuromonitor- 
ing techniques in a child with an acute arterial ischemic 
stroke. Although initial CT head was negative despite acute 
clinical changes in mental status and gait, additional neu- 
romonitoring techniques supported the diagnosis of an 
acute stroke secondary to a large vessel occlusion. TCD 
can assess cerebral blood flow through assessment of MFVs 
and waveform analysis and grading [1]. TCD demonstrated 
asymmetry in cerebral blood flow between the MCAs in 
real time, which was then confirmed to be a left MCA 
occlusion on MRI/MRA. QEEG can assess differences in 
cerebral perfusion after pediatric stroke, with decreased 
spectral edge frequency and alpha and beta power often 
observed in injured regions [2, 3]. The concurrent use of 
TCDs, cerebral regional oximetry and continuous EEG 
with QEEG provides noninvasive measures of cerebral 
hemodynamics after mechanical thrombectomy. 


Key Neuromonitoring Findings 

Acute reduction in cerebral regional oximetry along with 
asymmetric MCA MFVs and waveforms on TCD were the 
key findings suggestive of a left MCA occlusion (Figures 
C31.1 & C312). Daily TCDs were performed to monitor 
changes in MCA MFVs as a surrogate for vessel patency 
post-thrombectomy, which improved markedly and 
remained symmetric. Although continuous EEG monitor- 
ing was initiated following revascularization, asymmetric 
hemispheric slowing (left > right) also supported the diag- 
nosis of a large vessel occlusion (Figure C31.4). The asym- 
metry on EEG eventually normalized with improved blood 
flow after thrombectomy. 


Figure C31.1 Right middle cerebral artery (MCA) 
Y mean flow velocity (46.2 cm/sec) is within the 
normal range with mildly elevated (1.45) pulsatility 
index (PI). 


24.6 51.6 13.8 1.49 0.73 
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Multimodality Monitoring of Acute Stroke 


Figure C31.2 Left middle cerebral artery (MCA) 
mean flow velocity (24 cm/sec) is below the normal 
range and decreased compared to the right MCA. 
The pulsatility index (Pl) for the left MCA is also 
mildly elevated (1.49). Given a sharp systolic 
upstroke with MFVs decreased by 47%, the left MCA 
waveform is concerning for dampened morphology 
(grade Ill) by the TIBI grading scale [1]. 


Figures C31.3 Panel A: Magnetic resonance 
angiography (MRA) shows complete occlusion of 
the left middle cerebral artery (MCA). Panel B: 
Diffusion-weighted imaging (DWI) demonstrates 
infarction in the left MCA distribution, primarily 
affecting the left basal ganglia and external capsule. 
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Figure C31.4 Continuous EEG demonstrates left hemispheric slowing on the raw EEG tracing and QEEG shows reduced alpha-delta ratio (upper right trend) and 
spectral edge frequency (lower right trend) over the left anterior head region (the left anterior head region is displayed in blue trends and the right anterior head 
region is displayed in red trends). 
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Multimodal Neurological Monitoring: Ventilation and Cerebral Perfusion 


Rudolph Wong and Brian Appavu 


Clinical Presentation 

A 12-year-old boy collapsed while running outside. He had 
a temperature of 40.4°C and was unresponsive but hemo- 
dynamically stable. He was intubated due to a Glasgow 
Coma Score of 4 and treated for dehydration and heat 
stroke. He demonstrated a severe systemic inflammatory 
response with renal and hepatic failure. He was also found 
to have multifocal cerebral infarctions (Figure C32.1). Due 
to worsening hepatic encephalopathy and concerns for 
cerebral edema, mild hyperventilation was induced. Later, 
ventilation needs were reassessed in consideration of opti- 
mizing cerebral blood flow (CBF) and ventilation targets 
returned to normal. The effects of changes in ventilation 
on CBF were analyzed with continuous transcranial 
Doppler ultrasound (TCD) in conjunction with multimodal 
monitoring (MMM) incorporating continuous measure- 
ments of end-tidal CO, (EtCO;), mean arterial blood pres- 
sure (mABP), and cerebral oximetry. He was treated with 
immunomodulation for severe inflammatory response and 
had a near full neurological recovery. 


Discussion 

Hepatic encephalopathy is a serious neurological condition 
that can lead to cerebral edema, severe intracranial hyperten- 
sion (ICH) and death [1, 2]. ICH can be associated with 
systemic hypertension, and moderate hyperventilation is 
often used as a treatment strategy [3]. While ICH is 
a worrisome secondary insult, clinicians need to be mindful 
of the physiological parameters that drive CBF, particularly 
when limited to noninvasive monitoring. 

Increases in arterial carbon dioxide content (Paco?) cause 
cerebral vasodilation resulting in increased CBF, whereas 
decreases in Paco, cause cerebral vasoconstriction resulting 
in decreased CBF. Arterial carbon dioxide content (Paco;) is 
primarily determined by minute ventilation, a product of 
respiratory rate and tidal volume, and can be approximated 
noninvasively by measuring EtCO, In the presence of ICH, 
hyperventilation can be used to reduce Paco;, thereby causing 
vasoconstriction and reducing CBF, which can mitigate intra- 
cranial pressure elevations. However, in the absence of ICH 
from malignant cerebral edema, hyperventilation may actually 
be deleterious. In this patient, initial TCD findings were not 
suggestive of ICH from malignant cerebral edema as evidenced 
by Pulsatility Indices (PIs) « 1.1 [4]. With a decrease in ventila- 
tion, TCD left middle cerebral artery (MCA) mean flow velo- 
cities (MFVs) and cerebral oximetry increased, affirming that 
this change led to increased CBF and cerebral oxygenation. 
Furthermore, improved CBF led to a decrease in mABP as 
a result of normal cerebral autoregulation mechanisms. 
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Multimodal monitoring in this clinical scenario enabled 
a targeted ventilation strategy to optimize CBF and was able 
to demonstrate in real time the anticipated physiological 
effects. 


Key Neuromonitoring Findings 

On continuous EEG monitoring, the patient was noted to have 
generalized periodic discharges with triphasic morphology indi- 
cative of hepatic encephalopathy (Figure — C322). 
Hyperventilation induced through a respiratory rate of 16-20 
breaths per minute (bpm) resulted in an EtCO, level approximat- 
ing 27 mmHg. Mean arterial blood pressure remained elevated, 
between 120 and 130 mmHg. Cerebral oximetry, assessed using 
near-infrared spectroscopy (NIRS), approximated 63%-68%. 
Transcranial Doppler ultrasound was performed with insonation 
of the left MCA. Initial left MCA MFVs approximated 43 cm/sec 
with a PI between 0.6 and 0.7 (Figure C32.3). The respiratory rate 
was then reduced from 16 to 10 bpm. Over the subsequent 30 
minutes, EtCO, increased to 37 mmHg, left MCA MFVs 
increased from 43 to 50 cm/sec and cerebral oximetry increased 
from 63% to 72% (Figure C32.4). Mean arterial blood pressure 
decreased from 126 mmHg to 110-115 mmHg. 


Figure C32.1 MRI brain scan reveals multifocal cerebral infarctions as evident 
on diffusion weighted imaging. 
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Figure C32.4 Multimodality monitoring over a 3-hour timespan, illustrating that a reduction in the respiratory rate is associated with an immediate increase in left 
transcranial Doppler mean flow velocities (TCD Mean [LMCA]) and cerebral regional oximetry (r$O» [C]), suggestive of increased blood flow. In the subsequent hour, 


mean arterial blood pressure (ABP [Mean]) decreases. 


References 


1. Reynolds AS, Brush B, Schiano T, 
Reilly K, Dangayach NS. Neurological 
monitoring in acute liver failure. 3. 
Hepatology. 2019 Nov;70(5):1830-5. 

2. Rashke RA, Curry SC, Rempe S, et al. 
Results of a protocol for management of 


O'Brien NF, Maa T, Reuter-Rice K. 
Noninvasive screening for 
intracranial hypertension in 
children with acute, severe 
traumatic brain injury. / Neurosurg 
Pediatr. 2015 Oct;16(4):420-5. 


patients with fulminant liver failure. Crit ^ 4. 
Care Med. 2008;36:2244-8. 


Rangel-Castillo L, Gopinath S, 
Robertson CS. Management of 
intracranial hypertension. Neurol Clin. 
2008 May;26(2):521-41. 


https://doi.org/10.1017/9781316536001.047 Published online by Cambridge University Press 


305 


306 


Index 


abusive head trauma, 152, 275-6, 
277, 278. See also non- 
accidental injury 

ACNS. See American Clinical 
Neurophysiology Society 

ACP. See antegrade cerebral 
perfusion 

activation procedures, 24 

hyperventilation, 25 
photic stimulation, 25 

activité moyenne, 60-1, 62 

activity band, 49-50, 51 

acute bilirubin encephalopathy, 
227, 228, 229 

acute brain injury, seizures risk 
with, 150 

acute ischemic stroke, 116-17, 
118 

cEEG monitoring of, 160-1, 
300, 301, 302 
seizure risk with, 152 

aEEG monitoring. See 
amplitude-integrated 
EEG monitoring 

allopurinol, 171-3 

alpha-delta power ratio, 
ischemia monitoring 
with, 159-60 

American Academy of 
Pediatrics, clinical 
practice guidelines for use 
of therapeutic 
hypothermia in neonatal 
encephalopathy, 12 

American Clinical 
Neurophysiology Society 
(ACNS) 

clinical practice guidelines and 
consensus statements 
cEEG monitoring in 
children, 12 
cEEG monitoring in 
neonates, 11-12, 173 
electrode placement 
recommendations, 19, 20 
patient selection guidelines, 30 
standard montages, 21 
amplitude 
abnormal, 77-8 
artifactual asymmetry in, 67 
normal, 50-2, 57-9 


amplitude grading system, for 
aEEG, 105-6, 107, 110 
amplitude trends, 27 
amplitude-integrated EEG 
(aEEG) monitoring 
abnormal patterns on, 43, 44, 
90-3, 94, 95, 97 
artifacts on, 69, 206-7 
background continuity on, 
49-50, 51 
bedside, 35-6 
documentation of, 45-6 
of electrographic seizures in 
critically ill children, 14-15 
of electrographic seizures in 
critically ill neonates, 
13-15 
in neonatal encephalopathy, 
103-4 
findings in HIE, 105-7, 110 
outcome prediction using, 
112-14 
sedation and other 
neuroprotective agent 
effects on, 108-9 
of neonatal onset epilepsy, 
129-31 
of newborn heart surgery, 
175-6 
normal amplitudes in, 50, 51, 
57-9 
normal patterns on, 40, 41 
overview of preterm and 
full-term newborns, 56-9 
at 24-27 weeks conceptional 


age, 59 
at 28-31 weeks conceptional 
age, 59-60 
at 32-35 weeks conceptional 
age, 60 
at 36-37 weeks conceptional 
age, 60 
at 38-42 weeks conceptional 
age, 61 
post-cardiac arrest, 191-5, 
196-7 
seizure detection with, 91-3, 
95, 97, 138-9 


technical aspects of, 25, 26 
anesthetic therapies 
EEG effects of, 160 


https://doi.org/10.1017/9781316536001.048 Published online by Cambridge University Press 


for refractory status 
epilepticus, 144-5 
antegrade cerebral perfusion 
(ACP), 167, 176 
anti-seizure medications (ASMs) 
diazepam, 140, 142-3 
EEG/aEEG effects of, 108-9 
levetiracetam, 140-1, 142-3, 
176 
lidocaine, 176 
lorazepam, 140, 142-3 
in neonatal epilepsies, 131 
observational studies of 
neonatal outcomes with, 
9-10 
pentobarbital, 142-3, 144 
phenobarbital, 108-9, 140-1, 
142-3, 144-5, 176 
phenytoin, 140-1, 142-3, 176 
for post-operative seizure after 
newborn heart surgery, 
176 
propofol, 142-3, 144-5, 
160 
for status epilepticus 
benzodiazepines, 140, 
142-3, 144 
continuous infusions of, 
144-5 
non-benzodiazepines, 
140-1, 142-3 
thiopental, 142-3, 144 
topiramate, 176 
valproate, 140-1, 142-3 
artifact reduction, 27 
artifacts, 48, 66 
during ECMO, 182-7 
EEG filters for, 22 
high frequency, 23 
low frequency, 23 
notch, 23, 24 
extracerebral channels in 
detection of, 23-4 
neonatal, 106 
physiological, 66-7, 68, 69, 70, 
71,72, 73 
on QEEG, 69, 206-7 
review for, 43-4 
technical and environmental, 
67-8, 74, 75 


ARX mutations, 132 


ASMs. See anti-seizure 
medications 
asymmetry 
artifactual, 67 
background, 52, 53 
recognition of, 43 
attenuated featureless 
background, 79-80, 82 
autoimmune encephalitis, 145, 
152, 289-90 
average reference, 21 


background, EEG 
abnormal patterns on, 43, 76, 93 
in infants and children, 
79-80, 81, 82, 83 
in neonates, 76-9, 80 
seizure risk with, 151 
age-related specific activity in, 
54 
asymmetry in, 52, 53 
continuity of, 48-50, 51 
global analysis of, 48-53 
in neonatal epilepsies, 128, 129 
in newborn heart surgery, 
167-9, 170 
normal patterns on, 40, 41, 42 
post-cardiac arrest, 196-7 
prognostication using, 4-5, 
77-80, 81, 82, 83 
variability and reactivity of, 
52-3 
baclofen intoxication, 294-6 
bacterial meningoencephalitis, 
119, 152, 279-81 
bedside neuromonitoring 
monitors used for, 35-6 
nurse roles in, 35, 36, 46, 47 
abnormal pattern reporting, 
43-5 
clinical event marking, 40 
documentation in patient 
records, 45-6 
education and training in 
brain monitoring, 46 
equipment selection, 36 
interprofessional 
communication 
facilitation, 45 
maintenance of brain 
monitoring, 37-40 


normal pattern recognition, 
40-3 
order set and nursing 
protocol creation, 36-7, 
38 
parent education, 45 
patient positioning and 
transport considerations, 
37 
quality improvement, 46 
sensor selection and 
application, 37, 39 
supply procurement and 
storage, 36 
benign familial neonatal seizures 
(BENS), 131-2 
benign non-familial neonatal 
seizures (BnFNS), 131-2 
benzodiazepines (BZDs) 
EEG/aEEG effects of, 108-9 
for post-operative seizure after 
newborn heart surgery, 
176 
for status epilepticus, 140, 
142-3, 144 
BENS. See benign familial 
neonatal seizures 
bilirubin, 227, 228, 229 
bipolar montages, 21, 22 
birth trauma, 217-18, 219 
BnENS. See benign non-familial 
neonatal seizures 
borderline low voltage, 77-8 
brain cooling. See therapeutic 
hypothermia 
brain death, 77-8 
brain function monitors, 35-6 
brain injury 
birth trauma, 217-18, 219 
electrographic seizure 
association with, 9, 11 
observational studies in 
neonates, 9-10 
randomized controlled 
trials in neonates, 10 
neonatal abstinence 
syndrome, 122, 123 
post-cardiac arrest, 189-90, 
199 
in preterm infants 
intraventricular 
hemorrhage, 120-1 
periventricular 
leukomalacia, 121-2 
very low birth weight 
neonates, 122 
seizure with, 152, 275-6, 277, 
278, 282-5 
seizures risk with, 150 
brain perfusion monitors, 35-6 
brain symmetry index (BSI), 
160-1 
brain tumors, 152-3, 297, 298 
brief rhythmic discharges 
(BRDs), 86-90, 127 
BSI. See brain symmetry index 
Burdjalov classification, 56-7 
burst suppression 


on aEEG, 56-7, 59, 90-1, 92 
in HIE, 105-6, 110 
in infants and children, 79-80, 
81 
in neonatal epilepsies, 129-30 
in neonates, 76, 77-8, 79 
in refractory status epilepticus, 
144-5 
suppression-burst pattern 
compared with, 128, 
129-30 
burst-suppression index, 50 
BZD. See benzodiazepines 


cardiac arrest. See post-cardiac 
arrest 
cardiac artifacts, 23, 67, 70 
cardiopulmonary bypass (CPB), 
165-7. See also newborn 
heart surgery 
CDSA. See color density spectral 
array 
cEEG monitoring. See 
continuous EEG 
monitoring 
cerebral blood flow, 157 
cerebral ischemia. See ischemia 
cerebral palsy, 112 
cerebral perfusion, multimodal 
neurological monitoring 
of, 303, 304, 305 
cerebral saturation 
abnormal values of, 45 
normal values for, 43 
cerebral sinovenous thrombosis 
(CSVT), 118, 152, 265, 
266, 267 
cerebral vascular disease 
acute seizures with, 116-17, 
118 
cEEG monitoring of, 160-1, 
300, 301, 302 
seizure risk with, 152 
CHD. See congenital heart 
disease 
children 
background abnormalities in, 
79-80, 81, 82, 83 
background continuity in, 
48-50 
cEEG monitoring for 
electrographic seizures 
in, 1, 15 
advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 12 
duration of, 8, 9 
incidence of, 5-7, 8 
observational studies of, 
10-11 
outcomes associated with, 
9-11 
problems with, 13 
quantitative EEG compared 
with, 14, 15 
risk factors for, 7-8 
normal amplitudes in, 50-2 


https://doi.org/10.1017/9781316536001.048 Published online by Cambridge University Press 


normal cEEG patterns in, 
61-2, 63, 64 
from one month to two 
years, 64 
from 2 to 5 years, 64-5 
from 5 to 10 years, 65 
from 10 years to adulthood, 
65-6 
normal QEEG patterns in, 64 
circumferential bipolar montage, 
21 
clinical diagnosis, electrographic 
diagnosis compared with, 
2-4 
clinical event marking, 40 
clinical practice guidelines 
cEEG monitoring of seizures 
in critically ill children, 
12 
cEEG monitoring of seizures 
in critically ill neonates, 
11-12 
clinical seizures, 2-4 
in neonatal encephalopathy, 
109 
causes of neonatal 
encephalopathy and, 
111-12 
timing and burden of, 
110-11 
nurse reporting of, 45 
seizure risk with, 150 
CNS infection, 118-20, 152, 
279-81 
collodion, 20 
color density spectral array 
(CDSA), 26-7 
of electrographic seizures in 
critically ill children, 
14-15 
post-cardiac arrest, 191-5, 
196-7 
recurrent seizure 
identification with, 
138-9 
seizure detection with, 93 
sudden changes in, 43, 44 
coma, 150 
communication 
within cEEG monitoring team, 
33, 34 
nurse facilitation of, 45 
congenital heart disease (CHD), 
153. See also newborn 
heart surgery 
consensus statements 
cEEG monitoring of seizures 
in critically ill children, 
12 
cEEG monitoring of seizures 
in critically ill neonates, 
11-12 
continuity. See also discontinuity 
aEEG, 56-7, 58 
background, 48-50, 51 
continuous EEG (cEEG) 
monitoring. See also 
bedside 


Index 


neuromonitoring; specific 
conditions 
abnormal patterns on, 43, 76, 
93 
background abnormalities 
in infants and children, 
79-80, 81, 82, 83 
background abnormalities 
in neonates, 76-9, 80 
brief rhythmic discharges, 
86-90 
interictal epileptiform 
discharges, 86, 89 
seizures, 80-6, 87 
analysis of, 48 
abnormal features, 53 
background activity, 48-53 
contextual information, 48 
physiological features for 
age, 53 
systematic approach to, 48, 
49 
bedside, 35-6 
documentation of, 45-6 
during ECMO, 182-7 
electrode selection and 
application for, 37, 39 
of electrographic seizures in 
children, 1, 15 
advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 12 
duration of, 8, 9 
incidence of, 5-7, 8 
observational studies of, 
10-11 
outcomes associated with, 
9-11 
problems with, 13 
quantitative EEG compared 
with, 14, 15 
risk factors for, 7-8 
of electrographic seizures in 
neonates, 1, 15 
advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 11-12 
diagnosis of, 2-4 
etiologies of, 1-2 
incidence of, 1 
observational studies of, 
9-10 
outcomes associated with, 
9-11 
problems with, 13 
prognostication of, 4-5 
quantitative EEG compared 
with, 13-14 
randomized controlled 
trials of, 10 
risk factors for, 1-2 
of electrographic status 
epilepticus 
duration of, 138 
financial aspects and clinical 
care suggestions for, 138 


307 


308 


Index 


continuous EEG (cEEG) (cont.) 
ictal-interictal continuum 
in, 140 
QEEG in recurrent seizure 
identification, 138-9 
seizures compared with 
periodic/rhythmic 
patterns in, 139-40 
electrographic-only seizure 
recognition with, 137-8 
ischemia detection with, 157-9 
in acute ischemic stroke, 
160-1, 300, 301, 302 
automated signal processing 
for, 161-2 
EEG features of impending 
ischemia, 159-60 
in moyamoya disease, 161, 
286-8 
pitfalls in, 160 
portable devices for, 161-2 
in subarachnoid 
hemorrhage, 161 
logistics of ICU 
neuromonitoring 
programs, 29, 33-4 
equipment, 30-2, 33 
institutional guidelines, 30 
personnel, 32-3 
resource assessment, 29, 30 
team communication, 33, 34 
team formation, 29, 30 
of neonatal encephalopathy, 
103-4 
abnormalities in HIE, 
104-5, 106, 107, 108, 109 
HIE differential diagnosis, 
107-8, 111 
outcome prediction using, 
112, 113-14 
sedation and other 
neuroprotective agent 
effects on, 108-9 
of neonatal onset epilepsy, 
127-8, 129, 130, 131 
of newborn heart surgery, 173 
EEG background 
interpretation, 167-9, 
170 
seizure detection, 169-76 
normal patterns on, 40, 41, 42, 
48 
preterm and full-term 
newborn overview, 54 
at 24-27 weeks conceptional 
age, 59, 60 
at 28-31 weeks conceptional 
age, 59 
at 32-35 weeks conceptional 
age, 60, 61 
at 36-37 weeks conceptional 
age, 60 
at 38-42 weeks conceptional 
age, 60-1, 62, 63 
infants and children 
overview, 61-2, 63, 64 
from one month to two 
years, 64 


from 2 to 5 years, 64-5 
from 5 to 10 years, 65 
from 10 years to adulthood, 
65-6 
patient selection for, 30 
post-cardiac arrest, 189-90 
EEG background patterns, 
196-7 
hypothermia and sedation 
effects on, 197 
seizure detection, 190-6 
of refractory status epilepticus, 
144-5 
seizure screening with, 149, 
154 
clinical and EEG risk factors 
for seizures, 149-51 
etiology-specific risk factors 
for seizures, 151-3 
timing and duration of, 
153-4 
continuous infusions, for 
refractory status 
epilepticus, 144-5 
continuous tracings, 48-50, 
51 
convulsive status epilepticus, 
137, 151-2 
cooling. See therapeutic 
hypothermia 
cortical development, 
malformations in, 126, 
237-9 
CPB. See cardiopulmonary 
bypass 
CSVT. See cerebral sinovenous 
thrombosis 
cup electrodes, 19-20 


data storage, 31 
DCI. See delayed cerebral 
ischemia 
deep hypothermic circulatory 
arrest (DHCA), 165-7, 
168, 170-1, 173, 
177-8 
delayed cerebral ischemia (DCI), 
cEEG detection of, 
158-9 
features of impending 
ischemia, 159-60 
in subarachnoid hemorrhage, 
161 
delta power, ischemia 
monitoring with, 159-60 
DHCA. See deep hypothermic 
circulatory arrest 
diazepam, 140, 142-3 
digital trend analysis 
for newborn heart surgery, 
173-5 
technical aspects of, 25-6 
discontinuity 
in infants and children, 79-80, 
81 
in neonates, 76, 77, 
78, 79 
disorganization, 78-9, 80 
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documentation, nurse role in, 
45-6 

double banana montage, 21, 
22 

droplet artifact, 70 

dysmaturity, 78-9, 80 


early infantile epileptic 
encephalopathy (EIEE), 
132, 133, 161-2, 240-1 
early myoclonic encephalopathy 
(EME), 132-3, 252-4 
ECI. See electrocerebral inactivity 
ECMO. See extracorporeal 
membrane oxygenation 
edema, scalp, 43 
education 
nurse, 46 
parent, 45 
EEG. See electroencephalogram 
EEG-only seizures, 80-4, 85, 87. 
See also electrographic 
seizures; nonconvulsive 
seizures 
in children, 5-7, 8 
in neonates, 2-4 
EIEE. See early infantile epileptic 
encephalopathy 
EKG, 22, 23-4 
electrical artifact, 67, 74 
EEG filters for, 23, 24 
electrocerebral inactivity (ECI), 
77-8 
electroclinical seizures, 2-4, 
80-4 
electrode artifacts, 67-8, 75 
electrodermogram artifact, 67, 73 
electrodes 
affixation of, 20 
extracerebral, 19, 22, 23-4 
ICU neuromonitoring 
logistics considerations 
for, 30 
placement of, 19, 20 
procurement and storage of, 
36 
reassessment of position of, 37, 
39 
selection and application of, 
37, 39 
symmetry of, 37-9 
types of, 19-20 
electroencephalogram (EEG). See 
also specific topics 
anesthesia effects on, 160 
anti-seizure medication effects 
on, 108-9 
background of 
abnormal patterns on, 43, 
76-80, 81, 82, 83, 93, 
151 
age-related specific activity 
in, 54 
asymmetry in, 52, 53 
continuity of, 48-50, 51 
global analysis of, 48-53 
in neonatal epilepsies, 128, 
129 


in newborn heart surgery, 
167-9, 170 
normal patterns on, 40, 41, 
42 
post-cardiac arrest, 196-7 
prognostication using, 4-5, 
77-80, 81, 82, 83 
variability and reactivity of, 
52-3 
ischemia features on, 159-60 
readers of, 33 
sedation effects on, 108-9, 160, 
168-9, 197 
seizure features on, 53, 80-6, 
87 
technical aspects of, 19, 27 
activation procedures, 
24-5 
amplitude trends, 27 
amplitude-integrated EEG, 
25, 26 
artifact reduction, 27 
electrode affixation, 20 
electrode placement, 19, 
20 
electrode types, 19-20 
event detection, 27 
extracerebral channels, 19, 
22, 23-4 
filters, 22-3, 24 
frequency trends, 26-7 
montages, 21-2, 23 
physiology, 19 
polarity, 20-1 
quantitative EEG, 25-6 
electrographic seizures, 80-4, 85, 
87, 137 
cEEG monitoring in children, 
1; 15 
advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 12 
duration of, 8, 9 
incidence of, 5-7, 8 
observational studies of, 
10-11 
outcomes associated with, 
9-11 
problems with, 13 
quantitative EEG compared 
with, 14, 15 
risk factors for, 7-8 
cEEG monitoring in neonates, 
1; 15 
advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 11-12 
diagnosis of, 2-4 
etiologies of, 1-2 
incidence of, 1 
observational studies of, 
9-10 
outcomes associated with, 
9-11 
problems with, 13 
prognostication of, 4-5 


quantitative EEG compared 
with, 13-14 
randomized controlled 
trials of, 10 
risk factors for, 1-2 
cEEG role in recognition of, 
137-8 
cEEG screening for, 149, 154 
clinical and EEG risk factors 
for seizures, 149-51 
etiology-specific risk factors 
for seizures, 151-3 
timing and duration of, 153-4 
epidemiology of, 137 
in neonatal encephalopathy, 109 
causes of neonatal 
encephalopathy and, 
111-12 
timing and burden of, 
110-11 
after newborn heart surgery 
detection of, 169-76 
treatment of, 176 
risk factors for, 149-50, 151 
acute brain injury, 150 
acute stroke, 152 
autoimmune encephalitis, 
152 
brain tumors and post- 
neurosurgery, 152-3, 297, 
298 
clinical seizures and status 
epilepticus, 150 
CNS infection, 152 
convulsive status epilepticus 
or pre-existing epilepsy, 
151-2 
electrographic, 151 
encephalopathy and coma, 
150 
post-cardiac arrest, 153 
posterior reversible 
encephalopathy 
syndrome, 153 
sepsis and systemic illness, 
153 
traumatic brain injury, 152, 
275-6, 277, 278, 282-5 
young age, 150 
electrographic status epilepticus, 
84-6 
cEEG monitoring for 
duration of, 138 
financial aspects and clinical 
care suggestions for, 138 
ictal-interictal continuum 
in, 140 
QEEG in recurrent seizure 
identification, 138-9 
seizures compared with 
periodic/rhythmic 
patterns in, 139-40 
cEEG role in recognition of, 
137-8 
in children, 5-7, 8, 10-11 
continuum between 
convulsive status 
epilepticus and, 137 


epidemiology of, 137 
outcomes of, 138 
electrolyte disturbances, 120 
electromyography (EMG), 22, 
23-4 
EME. See early myoclonic 
encephalopathy 
EMG. See electromyography 
encephalitis 
autoimmune, 145, 152, 289-90 
infectious, 119-20, 152 
encephalopathy. See neonatal 
encephalopathy; specific 
causes 
encoches frontales, 56, 57, 60-1, 
62 
envelope trend, 50-2 
environmental artifacts, 67-8, 74, 
75 
epilepsy. See also neonatal onset 
epilepsy 
FIRES, 291, 292, 293 
seizure risk with, 151-2 
epileptic encephalopathy, 107-8, 
111-12 
epileptic spasms, 127-8 
EPSP. See excitatory post- 
synaptic potential 
equipment. See also electrodes 
bedside brain monitors, 
35-6 
ICU neuromonitoring 
logistics 
acquisition machines and 
review stations, 30-1 
data storage, 31 
network and remote access, 
31 
QEEG, 31-2, 33 
procurement and storage of, 
36 
selection of, 36 
event detection analysis, 27 
excitatory post-synaptic 
potential (EPSP), 19 
extracerebral artifact 
artifact reduction for, 27 
EEG filters for, 23 
extracerebral channels, 19, 22, 
23-4 
extracorporeal membrane 
oxygenation (ECMO), 
181, 259-61 
cEEG monitoring during, 
182-7 
seizure during, 187 
incidence of, 181-2, 183-5 
outcomes of, 182, 183-5 
risk factors for, 182, 183-5 


febrile infection-related epilepsy 
syndrome (FIRES), 291, 
292, 293 
fentanyl, 160 
filters, EEG, 22 
high frequency, 23 
low frequency, 23 
notch, 23, 24 


https://doi.org/10.1017/9781316536001.048 Published online by Cambridge University Press 


FIRES. See febrile 
infection-related epilepsy 
syndrome 

focal-onset seizures, 127 

fosphenytoin, 140-1, 142-3 

frequency trends, 26-7 

frontal sharp transients, 56, 57, 
60-1, 62 


generalized seizures, 127-8 

genetic disorders, neonatal 
epilepsies caused by, 
126-7 

glycine encephalopathy, 252-4 


head trauma. See brain injury 

heart surgery. See newborn heart 
surgery 

Hellstrom-Westas classification, 
56-7 

hemimegalencephaly, 237-9. See 
also unilateral 
megalencephaly 

hepatic encephalopathy, 303, 
304, 305 

herpes simplex encephalitis, 
119-20 

HFF. See high-frequency filter 

hiccup artifact, 67, 72 

HIE. See hypoxic-ischemic 
encephalopathy 

high-frequency filter (HFF), 23 

high-pass filter. See low- 
frequency filter 

HLHS. See hypoplastic left heart 
syndrome 

Holmes grading system, 104-5, 
109 

holoprosencephaly, 134 

hyperammonemia, 248-50 

hyperbilirubinemia, 227, 228, 
229 

hyperventilation, 25 

hypnagogic hypersynchrony, 61, 
64 


hypocalcemia, 120 
hypoglycemia, 120, 224-6 
hypomagnesemia, 120 
hyponatremia, 120 
hypoplastic left heart syndrome 
(HLHS), 255-8 
hypothermia. See also 
therapeutic hypothermia 
neurological effects of, 165, 
166 
hypoxic-ischemic 
encephalopathy (HIE), 1, 
208, 209. See also neonatal 
encephalopathy 
aEEG abnormalities in, 105-7, 
110 
birth trauma, 217-18, 219 
clinical presentation of, 103 
differential diagnosis of, 
107-8, 111 
EEG abnormalities in, 
104—5, 106, 107, 
108, 109 
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EEG background in predicting 
outcomes of, 4-5 

EEG use in differential 
diagnosis of, 107-8, 
111 

global disease burden of, 103 

outcomes associated with, 
9-10, 112 

seizures in, 109, 110-11 

therapeutic hypothermia for, 
105-6, 107, 110-11, 
112-13 


IBI. See interburst interval 
ictal-interictal continuum, 140 
ICU. See intensive care unit 
IFCN. See International 
Federation of Clinical 
Neurophysiology 
impedance, signal, 39-40 
elevation of, 43 
inborn errors of metabolism, 
107-8, 127, 133-4. See 
also specific disorders 
infants. See also preterm infants; 
term infants 
background abnormalities in, 
79-80, 81, 82, 83 
normal cEEG patterns in, 
61-2, 63, 64 
from one month to two 
years, 64 
normal QEEG patterns in, 
64 
infection. See CNS infection; 
sepsis 
information technology (IT) 
support, 33 
infrastructure, for continuous 
EEG monitoring, 29, 30 
inhibitory post-synaptic 
potential (IPSP), 19 
institutional guidelines, for 
continuous EEG 
monitoring, 30 
intensive care unit (ICU) 
EEG uses in, 76, 93 
neuromonitoring program 
logistics in, 29, 33-4 
equipment, 30-2, 33 
institutional guidelines, 30 
personnel, 32-3 
resource assessment, 29, 30 
team communication, 33, 
34 
team formation, 29, 30 
nurse neuromonitoring roles 
in, 35, 36, 46, 47 
abnormal pattern reporting, 
43-5 
bedside monitor types and, 
35-6 
clinical event marking, 40 
documentation in patient 
records, 45-6 
education and training in 
brain monitoring, 46 
equipment selection, 36 
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intensive care unit (ICU) (cont.) 
interprofessional 
communication 
facilitation, 45 
maintenance of brain 
monitoring, 37-40 
normal pattern recognition, 
40-3 
order set and nursing 
protocol creation, 36-7, 
38 
parent education, 45 
patient positioning and 
transport considerations, 
37 
quality improvement, 46 
sensor selection and 
application, 37, 39 
supply procurement and 
storage, 36 
seizure screening in, 149, 154 
clinical and EEG risk factors 
for seizures, 149-51 
etiology-specific risk factors 
for seizures, 151-3 
timing and duration of, 
153-4 
interburst interval (IBI), 48-9, 
54-6, 59, 60, 61 
abnormal, 76, 77, 78, 79 
interictal EEG findings, 128, 129 
interictal epileptiform 
discharges, 86, 89, 151 
International Federation of 
Clinical Neurophysiology 
(IFCN), electrode 
placement 
recommendations of, 19, 
20 
intracranial hemorrhage, 118, 
152, 214, 215, 220-2, 223, 
271-2, 273, 274 
intraventricular hemorrhage 
(IVH), 118, 120-1, 220-2, 
223 
intraventricular tumor, 297, 298 
IPSP. See inhibitory post- 
synaptic potential 
ischemia. See also acute ischemic 
stroke; hypoxic-ischemic 
encephalopathy 
cEEG monitoring for, 157-9 
in acute ischemic stroke, 
160-1, 300, 301, 302 
automated signal processing 
for, 161-2 
EEG features of impending 
ischemia, 159-60 
in moyamoya disease, 161, 
286-8 
pitfalls in, 160 
portable devices for, 161-2 
in subarachnoid 
hemorrhage, 161 
IT support. See information 
technology support 
IVH. See intraventricular 
hemorrhage 


K complexes, 61-2, 64 

KCNQ2 mutations, 126-7, 131-2 
seizures related to, 231-3 

ketamine, 145 

ketogenic diet, 145 


levetiracetam, 140-1, 142-3, 
176 
LFF. See low-frequency filter 
lidocaine, 176 
line noise, 67, 74 
EEG filters for, 23, 24 
logistics, of ICU 
neuromonitoring 
programs, 29, 33-4 
equipment, 30-2, 33 
institutional guidelines, 30 
personnel, 32-3 
resource assessment, 29, 30 
team communication, 33, 34 
team formation, 29, 30 
longitudinal bipolar montage, 21, 


lorazepam, for status epilepticus, 
140, 142-3 
low-frequency filter (LFF), 23 
low-voltage suppressed, 77-8 
low-pass filter. See high- 
frequency filter 


malignant neonatal onset 
epilepsies, 133 
megalencephaly, 134 
MELAS. See mitochondrial 
encephalomyopathy, 
lactic acidosis, and 
stroke-like episodes 
meningitis, 119, 152, 279-81 
metabolic disturbances, neonatal 
seizures due to 
electrolyte disturbances, 120 
hypoglycemia, 120, 224-6 
metabolic encephalopathy, 
248-50 
metabolic epilepsy, 127, 
133-4 
midazolam, 108-9, 140, 142-3, 
144-5 
mitochondrial 
encephalomyopathy, 
lactic acidosis, and 
stroke-like episodes 
(MELAS), 268, 269, 270 
montages, EEG, 21 
bipolar, 21, 22 
neonatal, 21-2, 23 
referential, 21 
movement artifact, 66, 68 
moyamoya disease, 161, 
286-8 
multimodal neurological 
monitoring 
of acute stroke, 300, 301, 302 
of ventilation and cerebral 
perfusion, 303, 304, 305 
muscle artifact, 66, 67 
myoclonic seizures, 128 
myogenic artifact, 23 
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NBHS. See newborn heart 
surgery 
NDTs. See neurodiagnostic 
technologists 
NE. See neonatal encephalopathy 
near-infrared spectroscopy 
(NIRS) 
abnormal values on, 45 
brain perfusion monitoring 
with, 35-6 
documentation of, 45-6 
intra-cardiac arrest 
monitoring with, 198 
normal values for, 43 
post-cardiac arrest monitoring 
with, 189-90, 198 
sensor selection and 
application for, 37, 39 
needle electrodes, 19-20 
neonatal abstinence syndrome, 
122, 123 
neonatal birth trauma, 217-18, 
219 
neonatal EEG montages, 21-2, 23 
neonatal encephalopathy (NE), 
103, 208, 209 
aEEG use in, 103-4 
HIE abnormalities, 105-7, 
110 
outcome prediction using, 
112-14 
sedation and other 
neuroactive agent effects 
on, 108-9 
clinical and electrographic 
seizures in, 109 
causes of neonatal 
encephalopathy and, 
111-12 
timing and burden of, 
110-11 
clinical presentation of, 103 
EEG use in, 103-4 
HIE differential diagnosis, 
107-8, 111 
identification of 
abnormalities in HIE, 
104-5, 106, 107, 108, 109 
outcome prediction using, 
112, 113-14 
sedation and other 
neuroactive agent effects 
on, 108-9 
global disease burden of, 103 
metabolic causes of, 248-50 
outcome prediction in, 112 
aEEG use in cooled and 
non-cooled neonates, 
112-13 
EEG use in cooled and non- 
cooled neonates, 112, 113 
timing of EEG/aEEG 
monitoring for, 113-14 
seizures risk with, 150 
neonatal onset epilepsy, 126 
aEEG of, 129-31 
cEEG of, 127-8, 129, 130, 131 
clinical manifestations of, 127 


etiology of, 126-7 
syndromes 
benign familial and non- 
familial neonatal seizures, 
131-2 
early infantile epileptic 
encephalopathy, 132, 133, 
240-1 
early myoclonic 
encephalopathy, 132-3, 
252-4 
metabolic epilepsy, 127, 
133-4 
neonatal epilepsies due to 
structural causes, 126, 
134, 237-9 
severe neonatal epilepsies, 
133 
neonatal seizures 
in acute bilirubin 
encephalopathy, 227, 228, 
229 
acute symptomatic etiologies, 
116, 123 
acute ischemic stroke, 
116-17, 118 
CNS infection, 118-20, 
279-81 
electrolyte disturbances, 
120 
hypoglycemia, 120, 
224-6 
intracranial hemorrhage, 
118, 214, 215, 220-2, 223, 
271-2, 273, 274 
intraventricular 
hemorrhage in premature 
neonates, 120-1 
neonatal abstinence 
syndrome, 122, 123 
periventricular 
leukomalacia, 121-2 
vein of Galen and other 
vascular malformations, 
118 
venous sinus thrombosis, 
118, 265, 266, 267 
very low birth weight 
neonates, 122 
KCNQ2-related, 231-3 
in neonatal onset epilepsy, 
127-8, 129-31 
after newborn heart surgery 
detection of, 169-76 
treatment of, 176 
neonatal status epilepticus, 4, 
9-10 
neonates. See also preterm 
infants; term infants 
abnormal aEEG patterns in, 
90-3, 94, 95, 97 
background abnormalities in, 
76-9, 80 
background continuity in, 
48-50 
cEEG monitoring for 
electrographic seizures 
in, 1, 15 


advantages of, 1, 2 
clinical practice guidelines 
and consensus statements 
for, 11-12 
diagnosis of, 2-4 
etiologies of, 1-2 
incidence of, 1 
observational studies of, 
9-10 
outcomes associated with, 
9-11 
problems with, 13 
prognostication of, 4-5 
quantitative EEG compared 
with, 13-14 
randomized controlled 
trials of, 10 
risk factors for, 1-2 
EEG montages for, 21-2, 23 
electrode placements for, 19, 
20 
interictal epileptiform 
discharges in, 86 
normal aEEG patterns in, 40, 
41, 56-9 
normal amplitudes in, 50-2 
normal cEEG patterns in, 54 
network access 
of cEEG data, 31 
loss of connection for, 44 
Neurocritical Care Society, 
clinical practice 
guidelines for cEEG 
monitoring in children, 
12 
neurodevelopmental outcomes 
EEG background in prediction 
of, 4-5, 77-80, 81, 
82, 83 
electrographic seizure 
association with, 9, 11 
observational studies in 
children, 10-11 
observational studies in 
neonates, 9-10 
randomized controlled 
trials in neonates, 10 
of neonatal encephalopathy, 
112-14 
of newborn heart surgery, 167, 
176 
intra-operative risks, 177 
post-operative risks, 177-8 
pre-operative risks, 177 
neurodiagnostic technologists 


(NDTs), 32-3 
neuromonitoring. See specific 
topics 


neuroprotective agents, EEG/ 
aEEG effects of, 108-9 
neurosurgery, seizure risk after, 
152-3, 297, 298 
neurotransmitters, EEG 
physiology and, 19 
newborn heart surgery (NBHS), 
165 
aEEG monitoring of, 175-6 
care improvement for, 178 


cEEG monitoring of, 173 
EEG background 
interpretation, 167-9, 
170 
seizure detection, 169-76 
conduction and phases of, 
165-7 
for hypoplastic left heart 
syndrome, 255-8 
hypothermia effects during 
on brain and body, 165, 166 
on neuromonitoring, 
167-73, 174 
hypothermic strategies for, 
165-7 
neurodevelopmental 
outcomes of, 167, 176 
intra-operative risks, 177 
post-operative risks, 177-8 
pre-operative risks, 177 
neuromonitoring modalities 
for, 173-6 
seizure treatment after, 176 
NIRS. See near-infrared 
spectroscopy 
nitrous oxide, 160 
non-accidental injury, 152, 
275-6, 277, 278. See also 
abusive head trauma 
nonconvulsive seizures, 2-4, 
80-4, 85, 87. See also 
EEG-only seizures; 
electrographic seizures 
nonconvulsive status epilepticus. 
See electrographic status 
epilepticus 
notch filter, 23, 24 
nurses, ICU neuromonitoring 
roles of, 35, 36, 
46, 47 
abnormal pattern reporting, 
43-5 
bedside monitor types and, 
35-6 
clinical event marking, 40 
documentation in patient 
records, 45-6 
education and training in 
brain monitoring, 46 
equipment selection, 36 
interprofessional 
communication 
facilitation, 45 
maintenance of brain 
monitoring, 37-40 
normal pattern recognition, 
40-3 
order set and nursing protocol 
creation, 36-7, 38 
parent education, 45 
patient positioning and 
transport considerations, 
37 
quality improvement, 46 
sensor selection and 
application, 37, 39 
supply procurement and 
storage, 36 
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ocular artifact, 66, 69 

Ohtahara syndrome. See early 
infantile epileptic 
encephalopathy 


pairwise-derived brain symmetry 
index (pdBSI), 160-1 
PAIS. See perinatal arterial 
ischemic stroke 
parenchymal hemorrhage, 
271-2, 273, 274 
parent education, 45 
patient records, documentation 
of, 45-6 
patients 
position and transport of, 37 
selection of, 30 
pattern recognition grading 
system, for aEEG, 105-6, 
107, 110 
patting artifact, 67, 74 
pdBSI. See pairwise-derived 
brain symmetry index 
pentobarbital, for status 
epilepticus, 142-3, 144 
perinatal arterial ischemic stroke 
(PAIS), 116-17, 118, 211, 
212, 213 
periodic discharges, 139-40, 151 
periventricular leukomalacia 
(PVL), 121-2 
peroxisomal biogenesis 
disorders, 107-8, 127, 
242-3 
personnel, cEEG 
EEG readers, 33 
information technology (IT) 
support, 33 
neurodiagnostic technologists 
(NDTs), 32-3 
phenobarbital 
EEG/aEEG effects of, 108-9 
for post-operative seizure after 
newborn heart surgery, 
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for status epilepticus, 140-1, 
142-3, 144-5 
phenytoin, 140-1, 142-3, 176 
photic stimulation, 25 
physiological artifacts, 66-7, 68, 
69, 70, 71, 72, 73 
physiology, of EEG, 19 
PLP dependency. See pyridoxal 
5/-phosphate dependency 
polarity, EEG, 20-1 
portable acquisition machines, 
30-1, 161-2 
positive Rolandic sharp waves, 
86, 89 
post-cardiac arrest, 189, 262-4 
brain injury after, 189-90, 199 
cEEG monitoring of, 189-90 
EEG background patterns, 
196-7 
hypothermia and sedation 
effects on, 197 
seizure detection, 190-6 
future directions in, 199 
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NIRS monitoring of, 189-90, 
198 
prognostication after, 189 
QEEG monitoring of, 189-90, 
191-5, 196-7 
seizure risk with, 153 
SSEP monitoring of, 189-90, 
197-8 
posterior reversible 
encephalopathy 
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153 
post-operative seizure 
after newborn heart surgery 
detection of, 169-76 
risks for, 177-8 
treatment of, 176 
risk for, 152-3, 297, 298 
post-synaptic potentials, 19 
power spectrum, 26-7 
PRES. See posterior reversible 
encephalopathy 
syndrome 
Pressler grading system, 104-5, 
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preterm infants 
abnormal aEEG patterns in, 
91, 94 
background continuity in, 
48-50 
brain injury in 
intraventricular 
hemorrhage, 120-1 
periventricular 
leukomalacia, 121-2 
very low birth weight 
neonates, 122 
normal aEEG patterns in, 40, 
41, 56-9 
at 24-27 weeks conceptional 
age, 59 
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age, 60 
at 36-37 weeks conceptional 
age, 60 
normal amplitudes in, 50-2 
normal cEEG patterns in, 54 
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age, 59 
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propofol, 142-3, 144-5, 160 
pulse artifact, 67, 70 
extracerebral channels in 
detection of, 23 
pulse oximetry, 23-4 
PVL. See periventricular 
leukomalacia 
pyridoxal 5’-phosphate (PLP) 
dependency, 133-4 
pyridoxine-dependent epilepsy, 
133, 245-7 
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QEEG monitoring. See 
quantitative EEG 
monitoring 

quality improvement (QI), 46 

quantitative EEG (QEEG) 
monitoring. See also 
amplitude-integrated 
EEG monitoring; color 
density spectral array; 
specific conditions 

abnormal patterns on, 43, 44, 
76, 90, 93, 98 
analysis of, 48 
abnormal features, 53 
background activity, 48-53 
contextual information, 48 
physiological features for 
age, 53 
systematic approach to, 48, 
49 
artifacts on, 69, 206-7 
bedside, 35-6 
documentation of, 45-6 
of electrographic seizures in 
critically ill children, 
14-15 
of electrographic seizures in 
critically ill neonates, 
13-15 
equipment for, 31-2, 33 
for ischemia detection, 158-9 
of newborn heart surgery, 
173-6 
normal patterns on, 40, 42, 48 
overview of infants and 
children, 64 
overview of preterm and 
full-term newborns, 56-9 
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age, 59 
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age, 59-60 
at 32-35 weeks conceptional 
age, 60 
at 36-37 weeks conceptional 
age, 60 
at 38-42 weeks conceptional 
age, 61 
post-cardiac arrest, 189-90, 
191-5, 196-7 
recurrent seizure 
identification with, 138-9 
sensor selection and 
application for, 37, 39 
technical aspects of, 25 
amplitude trends, 27 
amplitude-integrated EEG, 
25, 26 
artifact reduction, 27 
CDSA, 26-7 
digital trend analysis, 25-6 
event detection, 27 


RAV. See relative alpha 
variability 

reactivity, background, 52-3, 
79-80 

readers, EEG, 33 


recurrent seizures, 138-9 
referential montages, 21 
refractory seizures, 9-10 
refractory status epilepticus, 144 
cEEG monitoring of, 144-5 
continuous infusions for, 
144-5 
other therapies and emerging 
treatments for, 145 
relative alpha variability (RAV), 
159-60 
remote access 
of cEEG data, 31 
loss of connection for, 44 
resource assessment, for cEEG 
monitoring, 29, 30 
respiratory artifact, 23, 67, 71 
respiratory leads, 22, 23-4 
review stations, 30-1 
rhythmic EEG patterns, seizures 
compared with, 139-40 


SAH. See subarachnoid 
hemorrhage 
scalp 
edema of, 43 
electrode placement on, 19, 20 
preparation of, 20, 43 
skin integrity of, 40 
SCN2A mutations, 126-7 
SD. See spreading 
depolarizations 
sedation, EEG effects of, 108-9, 
160, 168-9, 197 
seizures. See also clinical seizures; 
electrographic seizures; 
neonatal seizures 
aEEG detection of, 91-3, 95, 97 
during ECMO, 187 
incidence of, 181-2, 183-5 
outcomes of, 182, 183-5 
risk factors for, 182, 183-5 
EEG background in predicting 
risk for, 79 
EEG features of, 53, 80-6, 87 
mimics of, 53, 91-3 
nurse role in identification of, 
43-5 
periodic/rhythmic EEG 
patterns compared with, 
139-40 
post-cardiac arrest, 262-4 
EEG detection of, 190-6 
epidemiology of, 190 
onset of, 190, 191 
outcomes of, 195-6 
QEEG for identification of, 
191-5 
postnatal, 104 
recurrent, 138-9 
types of, 2-4 
sensors. See also electrodes 
reassessment of position of, 37, 
39 
selection and application of, 
37, 39 
symmetry of, 37-9 
sepsis, 153 
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severe neonatal onset epilepsies, 
133 
sevoflurane, 160 
sharp waves 
interictal epileptiform 
discharges, 86, 89 
normal, 53 
positive Rolandic, 86, 89 
signal 
impedance of, 39-40 
elevation of, 43 
quality of, 39-40 
loss in, 45 
skin 
assessment of, 40 
preparation of, 20, 43 
sleep 
normal patterns of, 41, 42 
in preterm newborns, 54 
spindles, 61-2, 64 
sleep-wake cycling 
abnormal, 91, 93 
HIE and, 106-7 
normal, 50, 51, 58-9 
slow anterior dysrhythmia, 56, 
57, 60-1, 63 
slow-disorganized background, 
79-80, 83 
somatosensory evoked potentials 
(SSEPs), post-cardiac 
arrest monitoring with, 
189-90, 197 
prognostication using, 197-8 
therapeutic hypothermia 
effects on, 198 
spectral analysis, 26-7 
spindles, 61-2, 64 
spreading depolarizations (SD), 
160-1 
SSEPs. See somatosensory 
evoked potentials 
state changes, 76 
status epilepticus, 84-6, 137. See 
also electrographic status 
epilepticus 
cEEG screening for, 149 
HIE with, 111 
MELAS with, 268, 269, 270 
neonatal, 4, 9-10 
refractory, 144 
cEEG monitoring of, 144-5 
continuous infusions for, 
144-5 
other therapies and emerging 
treatments for, 145 
seizure risk with, 150, 151-2 
treatment of 
benzodiazepines, 140, 
142-3, 144 
cEEG monitoring of, 144-5 
continuous infusions, 144-5 
evaluation and management 
pathway for, 140, 141 
non-benzodiazepines, 
140-1, 142-3 
other therapies and 
emerging treatments, 145 
time to, 144 


stroke 
acute ischemic, 116-17, 118, 
152, 160-1, 300, 301, 
302 
cEEG monitoring of, 160-1, 
300, 301, 302 
in moyamoya disease, 161, 
286-8 
perinatal, 116-17, 118, 211, 
212, 213 
seizure risk with, 152 
structural disorders, neonatal 
epilepsies caused by, 126, 
134, 237-9 
STXBPI mutations, 132 
subarachnoid hemorrhage 
(SAH), 118, 161, 271-2, 
273, 274 
subclinical seizures, 2-4 
sucking artifact, 67, 72 
super refractory status 
epilepticus, 145 
suppression background, 79-80, 
82 
suppression-burst pattern, 128, 
129-30, 132, 133 
sweat artifact, 67, 73 
symmetry 
asymmetrical patterns and, 43 
background, 52, 53 
of electrodes, 37-9 
systemic illness, seizure risk with, 
153 


TBI. See traumatic brain injury 
team, ICU neuromonitoring 
communication within, 33, 34 
formation of, 29, 30 
technical artifacts, 67-8, 74, 75 
10-10 electrode placement 
system, 19, 20 
10-20 electrode placement 
system, 19, 20 
term infants 
normal aEEG patterns in, 40, 
41, 56-9 
at 38-42 weeks conceptional 
age, 61 
normal cEEG patterns in, 54 
at 38-42 weeks conceptional 
age, 60-1, 62, 63 
therapeutic hypothermia 
American Academy of 
Pediatrics clinical 
practice guidelines for, 12 
for HIE, 105-6, 107, 110-11, 
112-13 
for newborn heart surgery, 
165-7 
neuromonitoring effects of, 
167-73, 174 
post-cardiac arrest, 197, 
198 
for refractory status 
epilepticus, 145 
thiopental, 142-3, 144 
tonic seizures, 128 
topiramate, 176 


tracé alternant, 54-6, 57, 60-1, 
62, 64 

tracé discontinu, 59, 60 

transverse bipolar montage, 21, 
22 

traumatic brain injury (TBI), 
152, 275-6, 277, 278, 
282-5 

tuberous sclerosis, 134, 
234-6 


umbilical cord prolapse, 217-18, 
219 


unilateral megalencephaly, 134. 
See also 
hemimegalencephaly 


valproate, 140-1, 142-3 
variability, background, 52-3 
vascular disease 
acute seizures with 
acute ischemic stroke, 
116-17, 118 
intracranial hemorrhage, 
118, 214, 215, 220-2, 223, 
271-2, 273, 274 
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vein of Galen and other 
vascular malformations, 
118 
venous sinus thrombosis, 
118, 265, 266, 267 
cEEG monitoring of, 160-1, 
300, 301, 302 
seizure risk with, 152 
vein of Galen, 118 
venous sinus thrombosis, 118, 
265, 266, 267. See also 
cerebral sinovenous 
thrombosis 
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ventilation, multimodal 
neurological monitoring 
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vertex waves, 61-2, 64 

very low birth weight neonates, 
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World Health Organization, 
guidelines for EEG in 
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Zellweger syndrome, 107-8, 127, 
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